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Abstract 

The present doctoral thesis focuses on the antioxidant activity of cerium oxide 

nanostructured materials (nanoceria) in biological systems. This goal is obtained 

through an interdisciplinary approaches spanning from chemistry and physics to 

biology and medicine. Nanoceria is studied in form of nanoparticles both naked and 

integrated nanocomposites films. The physicochemical properties are studied by a 

complete set of characterization techniques such as XRD, FTIR and Raman 

spectroscopies, DLS, AFM, µ-XRF, SEM and TEM. A specific emphasis is placed on 

the interactions with cells (PC12, PBMC, oocyte and spermatozoa) as a function of the 

nanoceria concentration. Different techniques for cell analysis, such as flow cytometry 

and confocal microscopy, allow monitoring the fate and viability of nanoparticles into 

the cells. Our results show that nanoceria can be successfully used as antioxidant agent 

in biomedical field to improve the cells viability both in physiological condition 

(IVM) and in Parkinson-like diseases. Moreover, the antioxidant activity of nanoceria 

is also verified in composite materials for prospected applications as ophthalmic 

medical devices and smart Petri dishes. These results pave the way to the development 

of an innovative smart "platform" based on the antioxidant properties of functional 

nanoceria. 

 

Note 

Much of the work presented in this thesis has been published in scientific journals as 

shown in appendix. 
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1. Introduction 

1.1. Nanotechnologies, nanomaterials: key enabling technologies to the 

innovation 

Although nanotechnology is a new area of research, nanomaterials are known to be 

used for centuries. For example, the color of roman glass artifacts is due to the 

presence of nanoparticles. Thousand years ago, Chinese used gold nanoparticles as an 

inorganic dye to introduce red color into their ceramic porcelains.1  

Nowadays, the importance of nanotechnology and nanomaterials is growing rapidly 

and their meaning has been, recently, defined from European Commission 

(2011)."Nanotechnology is the study of phenomena and fine-tuning of materials at 

atomic, molecular and macromolecular scales, where properties differ significantly 

from those at a larger scale". 

The nanomaterials have been defined as "a natural, incidental or manufactured 

material containing particles, in an unbound state or as an aggregate or as an 

agglomerate and where, for 50 % or more of the particles in the number size 

distribution, one or more external dimensions is in the size range 1 -100 nm. In 

specific cases and where warranted by concerns for the environment, health, safety or 

competitiveness the number size distribution threshold of 50 % may be replaced by a 

threshold between 1 and 50 %".  

The global market for nanomaterials is estimated at 11 million tonnes at a market 

value of 20 billion €. The materials that dominate for decades are represented by 

carbon black (mainly used in tyres) or synthetic amorphous silica (used in a wide 

variety of applications including tyres, as polymer filler, but also in toothpaste or as 

anticoagulant in food powders). In the recent years, new nanomaterials have been 

developed for many applications such as UV-filters in sun creams, anti-odour textiles, 

medical devices for tumors therapies, lithium-ion batteries for energy storage and 

photovoltaic devices. These applications have the potential to create major 

technological breakthroughs, and therefore nanomaterials have been recently 
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identified as a key enabling technology by the European Community.2 Nowadays 

nanomaterials are no longer a laboratory curiosity; in fact they have reached the stage 

of commercialization in many countries, such as in the  USA, UK, Japan, Singapore, 

Malaysia, Taiwan, Korea, Germany and in recent years China and Australia3, although 

supported by the government funding. The importance of nanomaterials is definitely 

due to their size; in fact when an object has a size between 1 and 100 nm, it can shows 

remarkable and novel properties which largely differ from those at a larger scale. This 

difference is due to two main reasons: firstly, nanomaterials have an extremely high 

surface area respect to the bulk materials. This can improve the chemical reactivity 

and affects the mechanical strength or electrical properties. Secondly, in some cases 

quantum confinement effects dramatically modify the optical, electrical and magnetic 

behaviour of the material.   

Nanostructured materials (NSMs) can be classified depending on the shape 

(dimensionality) and chemical composition of their microstructural constituents 

(boundary regions and crystallites) (Fig.1.1), or on the dimensions (Fig.1.2). 

According to the shape of the crystallite, we can distinguish three categories: layer-

shaped crystallites, rod-shaped crystallites (with layer thickness or rod diameters in 

the order of a few nm) and equiaxed nm-sized crystallites.  

Depending on the chemical composition of the crystallites, the three categories of 

nanostructured materials may be represented by four families. To the first family 

belong NSMs with all crystallites and interfacial regions with the same chemical 

composition (e.g. semicrystalline polymers which consist of stacked crystalline 

lamellae separated by non-crystalline regions). Nanostructured materials represented 

by second family consist of crystallites with different chemical compositions (quantum 

well (multilayer) structures are examples of this family). The third family is formed by 

nanostructured materials showing a compositional variation that primarily occurs 

between crystallites and the interfacial regions, (e.g. nanometer-sized Al2O3 crystals 

separated by a network of non-crystalline layers of Ga). The fourth family of 

nanostructured materials is formed by nm-sized crystallites (layers, rods, equiaxed 
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crystallites) dispersed in a matrix of different chemical composition (e.g. precipitation-

hardened alloys).4 

 
Fig.1.1Classification of nanostructured materials based on shape and chemical composition of 

crystallites.
4
 

 

The NSMs considered so far consisted mainly of crystalline components, which 

include the most of materials studied in this thesis (iron, cerium and titanium oxide). 

In fact in the fourth family we can include some of the ceria based nanocomposite, 

synthesized and characterized in the paragraph 4.2. However a fifth family covering 

NSMs in which one or all constituents are non-crystalline should be envisaged. 

Amorphous silica and hybrid organic-inorganic matrix ceria based nanocomposites 

should be considered as examples of this last class of NSMs.  

Another classification of the nanostructured materials is based on the number of 

dimensions which lie within the nanometer range (Fig.1.2). According to this criterion, 

four classes can be distinguished:   

- materials confined in three nano-dimension with zero dimension (0D) structures 

(nanoparticles, nanoshells, nanocrystals, nanorings, fullerenes, colloidal particles, 

quantum dots);  
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- materials confined in two nano-dimension with one dimension (1D) structures 

(nanorods, nanofilaments, nanotubes, quantum wires; 

- materials confined in one nano-dimension with a two dimension (2D) structures 

(discs, platelets, ultrathin films, super lattices, quantum wells, graphene, layer-by-layer 

assemblies); 

- materials not confined in nano-dimension with three dimension (3D) structures (bulk 

materials with nanoscale structural control, nanohybrids, nanocomposites and 

mesoporous materials).5,6 

 

 

Fig.1.2 Classification of nanostructured materials based on size of their structural elements. 0D 

(zero-dimensional); 1D (one-dimensional); 2D (two-dimensional); 3D (three-dimensional).
7
 

The most common representation of zero dimensional nanomaterial is a nanoparticle 

which can be: 

• amorphous or crystalline 

• single or polycrystalline 

• composed of single or multi-chemical elements 

• exhibit various shapes and forms 

• exist individually or incorporated in a matrix 
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• metallic, ceramic, or polymeric. 

The one dimensional material can be: 

• amorphous or crystalline   

• single or polycrystalline  

• chemically pure or impure   

• stand alone materials or embedded in within another medium   

• metallic, ceramic, or polymeric. 

The two dimensional material can be: 

• amorphous or crystalline   

• made up of various chemical compositions  

• used as a single layer or as multilayer structures   

• deposited on a substrate  

• integrated in a surrounding matrix material   

• metallic, ceramic, or polymeric 

Finally, the three dimensional materials are bulk nanomaterials that are not confined to 

the nanoscale in any dimension. These materials show a nanocrystalline structure or 

involve the presence of features at the nanoscale. In terms of nanocrystalline structure, 

bulk nanomaterials can be composed of a multiple arrangement of nanosize crystals, 

typically in different orientations. With respect to the presence of features at the 

nanoscale, 3-D nanomaterials can contain dispersions of nanoparticles, bundles of 

nanowires, and nanotubes as well as multi-nanolayers. The materials prepared in this 

work can be included in the class of 0D NSMs, if we consider the nanoparticle as it is, 

or in the class of 3D NSMs, if we look at the combination of nanoparticles with 

mesoporous and hybrid nanocomposite films.  

The fabrication of NSMs can be achieved by a wide variety of techniques providing 

different quality, speed and cost of the products. These manufacturing approaches are 

generally classified in two main groups defined as ‘top-down’ and ‘bottom-up’. In 

1959, Richard Feynman introduced first these two approaches in the famous talk 

“There’s Plenty of Room at the Bottom” given at the Caltech during an American 
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Physical Society meeting.8 The top-down approach is a process where each 

nanostructured component becomes part of a superstructure whilst the bottom-up 

approach consists in the miniaturization of the components starting from bulk 

structures. The top-down route can be done by using different technique such as 

plasma etching, ball milling and lithography. The latter method allows producing 

pattern through surface exposure to light, ions or electrons, and then leads to obtain 

electronic devices, chip and mask.9 The bottom-up route can be achieved by chemical 

synthesis, self assembly and positional assembly. The first one is a method used to 

produce materials such as particles and molecules. Using the second approach, crystals 

films and tubes are produced by physical or chemical interactions between atoms or 

molecules which arrange themselves into ordered nanoscale structures. The third one 

consists in manipulation and positioning one by one of atoms, molecules and clusters 

into experimental atomic or molecular devices. One of the most interesting routes to 

bottom-up preparation of nanomaterials is represented by sol-gel process. 

 

1.2. Sol-gel chemistry 

The sol-gel chemistry is a well-established "wet" technology that has been performed 

for more than a century. The first sol-gel patent, concerning the preparation of TiO2 

and SiO2 coatings, was published in 1939.10  In the last 30 years it has shown a rapid 

growth, due to the integration of the sol-gel techniques into different areas of materials 

science such as nanostructured materials, soft matter, polymers and biomaterials. The 

resulting multidisciplinary approach of this technique has allowed producing highly 

complex materials and new functionalities which are used in many industrial sectors 

and applications from catalysis, sensors, and optics to biomedicine and energy. Sol-gel 

chemistry is a simple and relatively low-cost process used for the production of 

various materials with carefully controlled properties. This method is characterized by 

a set of chemical reactions which convert a homogeneous solution of molecular 

reactant precursors with defined size (a sol) into a three-dimensional polymer (a gel). 

A sol is a liquid suspension of colloidal particles (1-1000 nm) that show short-range 
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interactions due to van der Waals forces and surface charges. When the surface charge 

of the sol particles is significantly reduced, the gelation occurs and the obtained 

material is able to maintain its shape. The gel is composed by a solid network that 

encloses a liquid phase or solvent excess.  

More in details, the entire sol-gel process can be divided in different steps: preparation 

of the precursor solution, hydrolysis, condensation, gelation, ageing, drying and 

densification (Fig.1.3) 

The preparation of the precursor solution is the first stage in the sol-gel process and 

the selection of reactants plays the key role. In fact the sol may be produced starting 

from inorganic or organic precursor such as metallic salts (nitrates or chloride) or 

alkoxides and may consist of dense oxide particles or polymeric cluster. The general 

formula of metallic salts is MmXn where M is the metal, X an anionic group and m and 

n stoichiometric coefficients; an example is aluminium chloride (AlCl3), cerium nitrate 

(CeNO3), iron chloride (FeCl3,FeCl2) etc. Whilst M(OR)n is the alkoxide general 

formula, which indicates the combination of cation M with an alcohol  groups ROH. 

An example is aluminum ethoxide (Al(OC2H5)), tetraethoxysilane (TEOS), titanium 

isopropoxide (Ti[OCH(CH3)2]4) and so on. 

 

 
Fig.1.3 Overview of the sol-gel process.

11
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A broad library of alkoxysilanes, such as aminopropyl-triethoxysilane 

(H2N(CH2)Si(OEt)3), glycidyloxypropyltrimethoxysilane (C9H20O5Si) etc. is available 

for the synthesis of hybrid materials combining both inorganic (silica) and diverse 

organic functions. There is another class of precursors which is represented by 

organometallic compound, where a metal M is directly linked to carbon atom. The 

most widely used precursors in sol-gel research are the alkoxides, such as 

tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS). In this thesis for example 

inorganic salts have been employed to produce on the one hand a crystalline ceria and 

iron nanoparticles and on the other hand titania crystalline and hafnia amorphous 

films, while alkoxide has been used to produce amorphous silica films. An 

alkoxysilane precursor in our sol-gel procedure, for example, has been used to 

synthesise amorphous hybrid film.  

The second stage is characterized by the hydrolysis of the precursor promoted by 

water molecules, which leads to a transformation of sol in a liquid. The reactivity of 

the precursor in this step is different; in fact for example metal alkoxides of titanium, 

zirconium or aluminium are much more reactive towards water than alkoxysilanes due 

to the lower electronegativity and higher Lewis acidity.  The reaction between 

alkoxysilanes and water is quite gentle avoiding phase separation and leading to good 

homogeneity.  

The third stage in the sol-gel reaction is the condensation of the particles in the gel 

phase. In the last stages the resulting porous gel is usually chemically purified and 

treated by high temperatures, or by UV or IR radiation, to form oxide materials. These 

can be either totally inorganic in nature or both inorganic and organic.  

A general reaction scheme for the chemical synthesis of sol-gel derived compounds is 

shown in (Fig.1.4), where the mechanism of formation of a metal oxide bond from 

metal alkoxide precursors takes place via hydrolysis of the alkoxide moiety followed 

by a condensation reaction which eliminates an H2O or ROH group.12 
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Fig.1.4 Scheme of the sol–gel process. The formation of the M–OH bond takes place via a 

hydrolysis reaction whereas the formation of the metal oxide bond takes 

 place via a condensation reaction.
12

 

The entire process can be influence by different parameters such as precursors, pH, 

and temperature, molar ratios of reactants, solvent composition and by the aging and 

drying conditions. The precursors have to be soluble in the reaction media and reactive 

enough to participate at the gel formation.13 The pH controls the hydrolysis and 

condensation reactions as it is reported in Fig.1.5; in fact, when the reaction is under 

acid conditions, the hydrolysis kinetic is favoured instead of the condensation, which 

generally starts when hydrolysis is completed. 14,15 In basic conditions, on the contrary, 

the condensation is faster than the hydrolysis, resulting in a highly condensed species 

that may agglomerate into fine particles.16 In order to stabilize the sol and avoiding the 

aggregation or agglomeration between the colloidal particles, the pH can be 

maintained in a range close to the point of zero charge. When the pH is changed or the 

particles distance is reduced by the solvent evaporation, the surface charge decrease 

and the gelation take place. On the contrary if the particles agglomerate, becoming too 

large, the precipitation occurs instead of gelation.  
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Fig.1.5 Dependence on pH of (a) hydrolysis and condensation rates of Si(OR)4 and (b) the 

structure of the obtained gel. (a) Redrawn from Ref.
17

; (b) redrawn from Ref.
18

 

 

The catalysts, such as HCl, H2SO4, NH4OH, HI and H2O, in some reactions show 

effects on gelation time, density and volume shrinkage on drying process. For example 

the reaction rate in silicon alkoxides sol-gel process can be slowed by adding water or 

speeded up by using acid or base catalysts.19 The type of catalyst can also affect the 

film thickness, porosity and optical quality. The role of the temperature, aging and 

drying is important in term of homogeneity, purity and porosity of the obtained 

material. During the drying step under atmospheric conditions, occurs the loss of 

water, alcohol and other volatile components leading to the gel shrinkage20 with a high 

strain in the structure of the material. If the strain is not stopped by relaxation, the 

cracks appear with the consequence of structure breaking.  

The sol-gel process has many advantages. It allows obtaining not only materials with 

oxide composition, but also hybrid organic-inorganic materials which do not exist in 

nature. Moreover the sol-gel materials can show a huge variety of textures, shapes and 

dimensions (nanoparticles, porous structures, thin fibers, dense powders and thin 

films). It is possible to synthesize porous, amorphous and nanocrystalline materials 

and we can also control the particle and pore size, by monitoring the rate of hydrolysis 

and condensation. Furthermore, pore size and mechanical strength can be tuned by 

controlling the ageing and the drying conditions. The chemical process, especially for 
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the first steps, requires low temperature and no extreme pH condition. The equipment 

used in sol-gel route is simple and inexpensive. In this work, it is shown that the sol-

gel process is a suitable method for obtain different kind of materials; in fact 

nanoparticles, inorganic and hybrid films and nanocomposites, have been produced 

through sol-gel chemistry. 

 

1.2.1. Metal oxide nanoparticles 

Nanoparticles have attracted the attention of an increasing number of researchers and 

the term nanoparticles came into frequent use in the early 1990s together with the 

related concepts, nanoscaled or nanosized particle.21 Various chemical methods such 

as co-precipitation, hydrothermal, sol-gel technology, and combustion method, have 

been developed for nanoparticles synthesis. Among the various chemistry routes, sol-

gel procedure is particularly successful in the preparation of metal oxide nanoparticles.  

The chemistry of sol-gel can be done in aqueous or non-aqueous environment.22 The 

aqueous sol-gel process is complex since the metal precursors are very reactive in 

water and also because water plays a double role as a ligand and as a solvent. In many 

cases the three reactions, hydrolysis, condensation and aggregation occur at the same 

time and it is difficult to control the reaction rate. As a matter of fact small changes in 

experimental condition result in altered particle morphologies. For instance, the fast 

hydrolysis and condensation rate for most transitional metal oxide precursor (inorganic 

metal salts such as acetate, chloride and nitrate or metal organic species such as metal 

alkoxide) can result in loss of structure and morphology control with a consequence of 

amorphous material.  

In most cases, the major limitations of the aqueous system can be overcome by using a 

non-aqueous chemistry in a synthesis of nanoparticles. This is related to the manifold 

role of the organic component in the sol-gel reaction (solvent, organic ligand of the 

precursor molecule, surfactants, or in situ formed organic condensation products). 

Non-aqueous chemistry pathways are reliable and allow obtaining reproducible metal 

oxide nanoparticles with the possibility to scale up the nanoparticles production. The 
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type of the precursor and the solvent are strictly related to the morphology of the 

nanoparticles, in fact metal nanoparticles with the same composition and crystal 

structure have shown different particle size and shape. The oxygen eventually 

contained into the organic part enables the formation of the metal oxide nanoparticles 

and strongly determines their surface properties, size and shape. Moreover, the 

oxygen-carbon bond has a moderate reactivity resulting in a reduction of reaction rate. 

In comparison with the aqueous chemistry the synthesis of metal oxide nanoparticles 

in an organic solvent allowed to better understand and control the reaction pathways 

on a molecular level, which is a crucial step to design a nanoparticles synthesis. Unlike 

the aqueous process, where obtained nanoparticles are in most cases amorphous and 

subsequent thermal treatment is required to induce crystallization, in non-aqueous 

route, crystalline nanoparticles can be directly obtained by carrying out the synthesis 

at high temperatures (oil bath, autoclave or microwave). 

The non-aqueous processes can be divided in surfactant and solvent controlled 

routes.23 The uses of surfactant consist of organic molecules with a coordinating head 

group and long alkyl chain which can coat the nanoparticles during the synthesis 

preventing their agglomeration and then improving the stability in the solvent. 

Throughout the growth step, by dynamic absorption e desorption on the nanoparticles 

surface, the role of the surfactant is to control the size, the distribution and the 

morphology. Despite the advantages, the surface functionalization with the surfactant 

affects the nanoparticles toxicity.24 The most important parameters that determine the 

final oxide material are the temperature, the reaction time, the concentration of the 

reagents, the nature and concentration of the surfactant. In fact tuning these conditions, 

the surfactant controlled synthesis procedure produces metal oxide particles with 

remarkable monodispersity and astonishing particle morphology.25 One typical 

example is represented by the Fe3O4 magnetic nanoparticles.26 In this case, the particle 

diameter can be carefully controlled so that nanoparticles in the size range of 6-13 nm 

can be synthesized in one nanometer increments.27 The use of surface capping agent 

allows modifying the nanomaterials surface by ligand exchange reactions as shown in 

the production of titania nanorods. In this last process, the oleic acid coating of titania 
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nanorods has been exchanged by capping with an alkylphosphonic acid with a result 

of the increments of the stability of titania dispersion.28 It is important to point out the 

importance of surfactant in exchange reaction since it allows obtaining a wide range of 

chemical functionalities on the surface of the nanoparticles. In comparison to the 

surfactant assisted synthesis, the other non-aqueous process is considerably simpler. 

The initial reaction is characterized by a mixture of only two components, the metal 

oxide precursor and the organic solvent. Indeed the presence of a small number of 

reactant makes simpler the characterization of the final reaction solution and then the 

better understanding of the chemical reaction mechanisms. The main important 

advantage of the solvent controlled synthesis is the improvement in product purity. In 

the last few years the application of this process for the metal oxide nanoparticles 

synthesis enables the use of a large variety of precursor such as acetate, 

acetylacetonates, alkoxide and also a mixture of different precursors. The types of 

solvents that have been generally used are alcohols, ketones or aldehydes, amines, 

toluene. The appropriate choice of the solvent depends on its role during nanoparticles 

growth, the composition of the final product and the target morphology. The capping 

agent is represented by the organic solvent and/or the organic species formed during 

the reaction; its role is to limit the crystal growth and influence the particle 

morphology by binding the surface of the particles. The surfactant free synthesis is 

used in a production of metal oxide nanoparticles starting from metal halides and 

alcohol.29 This synthesis, in general, occurs at low temperatures, which makes the 

procedure particularly useful where the nanoparticles surface needs to be 

functionalized with organic ligands.  

Nowadays, the use of non-aqueous processes to prepare the metal oxide nanoparticles 

has grown immensely and ranges from simple binary metal oxides to more complex 

ternary, multi-metal and doped systems.  

Despite the non aqueous process is defined as a chemical transformation of molecular 

precursor, dissolved in organic solvent, into an extended metal oxide network under 

exclusion of water, in some cases the used precursor salts or solvents are hydrate and 

the hydrolytic formation of metal oxide network cannot be excluded. This is the case 



14 

Dott.ssa Alessandra Pinna 
Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 
Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 
Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

 

of the synthesis procedure used in this thesis, as it is reported in 3.2.1 paragraph, for 

ceria nanoparticles where the water derives only from the hydrate precursor. 

Following the definition reported by Levy et al.30 we can include our nanoceria 

synthesis in non-aqueous process since that the reaction took place in organic solvent 

and the formation of water occurs in situ. 

 

1.2.2. Films: a versatile layout for mesoporous and hybrid matrices 

The sol-gel process offers the striking advantage of fabrication thin and thick coating 

starting from liquid-phase. This approach enables low temperature processing, easy 

coating of large surface, high purity and optical quality of the deposited films.31 The 

coating technology is of pivotal importance in different fields such as solar cells, bio-

materials, semiconductor and smart windows. Based on their functionality the coatings 

can be classified in several categories: optical properties (filtering, mirrors), 

mechanical properties (such as scratch-resistance), electrical properties (such as 

dielectrics and membranes) and chemical properties (such as catalysts for anti-

pollution). 

The dip- and spin-coatings are used to deposit the sol-gel solution on the substrate. 

Compared to the conventional thin films forming processes such as chemical vapour 

deposition (CVD), the deposition of thin films by sol-gel technology is cheaper and 

does not requires equipment working in vacuum conditions (for evaporation and 

sputtering). Moreover, the sol-gel method allows for a careful control of the deposited 

film in the in terms of porosity (pore volume, and size), surface area, crystal size and 

refractive index.  

The schematic depicted in Fig.1.6 shows the five stages of the dip-coating technique 

(immersion, start-up, deposition, drainage and evaporation). During dip-coating, the 

substrate to be coated is immersed in a sol and then withdrawn with a well-defined 

speed under controlled temperature and atmospheric conditions. As the substrate is 

withdrawn upward, a layer of solution is formed on the substrate and the combination 

of viscous drag and gravitational forces determines the film thickness. The evaporation 
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of the solvent from the liquid layer promotes the condensation and the cross-linking of 

the inorganic precursor, thus forming a gel. The gel state can be defined as a phase 

constituted by a more or less condensed inorganic network within which residual 

solvent molecules form an interconnected liquid phase. Choosing an appropriate 

viscosity of the sol is possible to tune with high precision the coating thickness 

maintaining at the same time high optical quality of the film.32 

 
Fig.1.6 Scheme of the five stages of the dip coating process. 

 

Although the composition of the sol cannot be affected by the evaporation, an 

increased concentration of the sol-gel precursors leads to the deposition of thicker 

films. Moreover, in the draining regime, a slower withdrawal speed produces thinner 

films.33 The condensation and the evaporation rates affect the extent of further cross-

linking, which occurs during the deposition and drainage stages.  

Besides the depositions conditions, the sol preparation also plays a fundamental role in 

the chemical design of the coating. In silicate system, for example, during the solution 

preparation the control of ratio between water and alkoxide precursor is quite 

important.  The different value of the molar ratio can lead to a different synthesis of 

products as bulk gels, films, fibers and powders. Theoretically, a molar ratio value 

equal to 2 is enough to complete hydrolysis and condensation, however in excess 

water the reaction does not go to completion. In fact, when the molar ratio H2O: Si is ≤ 

2, the formed gel is characterized by lower cross-linking density, which is suitable for 

the formation of gel fibers and coating films. On the other hand, when the molar ratio 
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H2O: Si is ≥ 4, the gel shows higher cross-linking density, with tendency to remain 

monolithic when dried carefully. 

The film deposition can be also obtained by spin-coating the solution on a rotating 

substrate. The spin-coating process can be divided in 4 stages (Fig.1.7): deposition, 

spin-up, spin-off, and gelation by solvent evaporation.34 An excess of liquid is 

deposited on the surface and, during the spin-up stage, it flows radially outward, 

driven by centrifugal force. In the spin-off stage, excess liquid flows to the perimeter 

and is removed from the substrate as droplets. In the fourth stage the evaporation takes 

over as the primary mechanism of thinning. The coating thickness is inversely 

proportional to the square root of the rotation speed and also depends on the coating 

solution properties, like viscosity and composition. An advantage of spin coating is 

that a film of liquid tends to become uniform in thickness during spin-off and once 

uniform, tends to remain so, provided that the viscosity is not shear dependent and 

does not vary over the substrate.35 This tendency arises due to the balance between the 

two main forces: the rotation induced centrifugal force, which drives radically outward 

flow, and the resisting viscous force, which acts radically inward. 36 During spin-up, 

the centrifugal force overwhelms the force of gravity, and the rapid thinning quickly 

squelches all inertial forces other than centrifugal force. Even with non flat substrate is 

possible to obtained very homogeneous coating thickness.31 
 

 

Fig.1.7 Scheme of the four stages of the dip-coating process: a) deposition b) spin-up c) spin-off d) 

evaporation.
37
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- Mesoporous film 

The sol-gel chemistry can be combined with more sophisticated nano-synthesis 

techniques to get ordered and hierarchical structures.38 The combination of sol-gel and 

supramolecular chemistry allows obtaining a type of nano-engineered materials known 

as mesoporous ordered materials. The large number of publications in different field 

such as microelectronics, photonics, optoelectronics, electrochemistry and biosensing 

testifies the importance and the potential of these materials.39 According to IUPAC 

recommendations, meso-porous materials are characterised by the presence of ordered 

porosity in the 2 to 50 nm range; they can be reproducibly synthesized in a variety of 

shapes (thin or thick films, membranes, powders, microspheres) and compositions 

(silicates, transition metal oxides, etc.). The important features related to these systems 

is that they show a high surface area (~ 1500 m2·g−1) and the possibility of tuning 

important parameters such as pore size, shape and pore accessibility. The first self-

supporting mesoporous film appeared between 1994 and 1996 and was synthesised by 

precipitating the precursors at the solution air interface, involving transport of the 

precursor in the liquid phase towards the interface.40 The films prepared according to 

this procedure are inhomogeneous and have a bad optical quality, which makes them 

unsuitable for some applications. More recently, a new synthesis of mesoporous films 

from the research group at the Sandia National Laboratories (US) paved the way to the 

most largely employed technique for mesoporous film production. The new synthesis 

is based on the so called evaporation-induced self-assembly (EISA) approach. This 

definition was coined by Brinker and co-workers in 1999 to indicate a new synthesis 

process where mesophase formation is triggered by solvent evaporation rather than 

precipitation reactions.41  

The so-called EISA process take place during the formation of mesoporous thin film 

by a spontaneous organization of chemical entities through interaction as hydrogen 

bonding, van der Waals forces or electrostatic forces, without any external 

intervention. The self-assembly process occurs when surfactant molecules with 

amphiphilic properties are free to organize into well-defined supramolecular 
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assemblies. The amphiphilic molecules are able to form, in water, a variety of 

supramolecular aggregates such as lamellar, spherical, cylindrical micelles and arrange 

in ordered structures with different symmetries such as cubic, hexagonal, gyroid etc. 

The symmetries and the morphology of micelles depend on the solvent to be used and 

the environmental conditions such as pH or electrolyte concentration. In aqueous 

solution, micelles formation takes place when the amount of surfactant exceeds the 

critical micelle concentration (CMC) leaving the hydrophilic parts of the molecule in 

contact with the water and segregating the hydrophobic parts within the micellar core.  

In details, a typical synthesis of mesoporous thin film (Fig.1.8) is based on diluted 

solution containing an alkoxide or inorganic salt as a precursor and a surfactant or 

block-copolymer as the structure directing agent. The solvent is an alcohol (generally 

ethanol or methanol) and small amounts of water may be added. A delicate balance 

among polycondensation of the precursor, micelle formation and formation of hybrid 

interface is requested to achieve a self-assembly process. The solution is then 

deposited on a substrate by dip- or spin-coating technique and then a liquid layer is 

formed on the substrate, whose thickness depends on the extraction or rotational speed 

and the viscosity of the solution. The solvent evaporation, which occurs in the first 

seconds after deposition, triggers the micelle formation and their organization, leading 

to an organized array of templating micelles into a periodic mesophase. At the same 

time the formation of an interconnected network containing the organic ordered 

mesophase is promoted. Thermal treatments can follow the deposition step in order to 

promote further condensation and remove the surfactant.42 Post treatments such as 

chemical grafting of functional groups or molecules on the mesopore surface can be 

performed in order to change the physicochemical properties or the functional 

properties (e.g. inclusion of metallic or semiconductor nanoparticles within the 

mesopores).43 
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Fig.1.8 Scheme of the formation of a mesostructured film by evaporation-induced self-assembly. 

In the isotropic solution, the condensation is slow, the inorganic precursors only form discrete 

oligomers and the surfactant molecules are not yet organized in micelles. The subsequent solvent 

evaporation triggers the formation of surfactant-inorganic units. When the evaporation is 

complete, the film equilibrates its water content with the environment giving rise to an ordered 

mesophase. The final thermal treatment stabilizes the film.
44

 

 

A large part of mesoporous materials is made by siliceous system because the self-

assembly process can be easily controlled due to the extraordinary slow hydrolysis 

kinetics of the silica precursor (alkoxide, chloride). On the contrary transition metal 

precursors are more prone to hydrolysis, redox reactions or phase transitions involving 

thermal breakdown of the structure, which makes much more difficult to remove the 

template and create an ordered mesoporosity maintaining the optical quality of the 

film.45 Despite the higher complexity of the synthesis, transition metals and transition 

metal oxides are of particular interest in the synthesis of mesoporous materials because 

often show unusual magnetic, electronic, and optical properties.46 

The EISA process has been demonstrate to be suitable for the synthesis of the 

mesoporous matrix reported in paragraph 3.3, which are based on titanium, hafnium 

and silicon oxide. The porous structure has been used as a host for the in situ growth 

of nanoceria. 
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- Hybrid films 

Most part of the traditional materials, such as metals, ceramics or organic polymers 

cannot fulfil the technological requirements which are necessary for the development 

of new applications. The possibility of combining the properties of organic and 

inorganic components in a unique hybrid material, however, opens a smart pathway to 

design advanced materials. A material is usually defined as hybrid when it is made by 

two constituents, one of these being organic, the other inorganic, which are both 

present at the molecular or nanometric scale. The organic moiety offers structural 

flexibility, convenient processing, tunable electronic properties, photoconductivity, 

efficient luminescence, and the potential for semiconducting and even metallic 

behaviour. Inorganic moiety provides the potential for high carrier mobilities, band 

gap tuning, a range of magnetic and dielectric properties, and thermal and mechanical 

stability. In addition, new or enhanced phenomena can also arise as a result of the 

interface between the organic and inorganic components.47 Hybrid materials were 

developed long time ago; thousands of years ago, in fact, the mixing of organic and 

inorganic components was used for the production of bright and colourful paints. 48  

Nowadays, different applications are already developed in many field such as optic, 

electronic, ionic, mechanic, separation, protective coating, catalysis, sensing and 

biology.49,50 A particular feature of hybrid materials is that their nanostructure, their 

degree of organization and then their properties depend not only to the chemical nature 

of the inorganic and organic parts, but it is also tightly correlated to their synergy. 

Contrary to pure solid state inorganic materials that often require a high temperature 

treatment for their processing, hybrid materials show a more polymer-like handling, 

either because of their large organic content or the formation of cross-linked inorganic 

networks from small molecular precursors, like in polymerization reactions.  

The nature of the organic-inorganic interface has been used to classify the hybrid in 

two main classes. The hybrid materials belonging to the Class I show weak 

interactions between the two phases, such as van der Waals, hydrogen bonding or 

weak electrostatic interactions whilst the materials grouped in the Class II show strong 



21 

Dott.ssa Alessandra Pinna 
Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 
Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 
Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

 

chemical interactions, like a covalent bonding, between the components.51 The control 

of the nano-structure of these materials is an important issue, especially if the tailored 

properties are targeted. To achieve a control of the materials structure, two main 

approaches (or a combination of both) are usually adopted: the in situ formation of 

hybrid materials starting from hybrid organic-inorganic precursors (route 1) and the 

nano-building block assembly (NBB, route 2) as reported in Fig.1.9. 

 
Fig.1.9 Schematic representation of the chemical routes for preparing hybrid materials.

 52 
 

In general, the route 1 is based on an in situ formation of the hybrid which consists in 

a chemical transformation of the precursors used throughout material's preparation.48 

The sol-gel process is the most suitable route for the in situ hybrid materials 

formation, especially because the low temperature processing preserves the organic 

part. The conventional sol–gel pathways described in paragraph 1.2 are simple, low 

cost and yield amorphous hybrid materials. These materials, exhibiting infinity of 

microstructures, can be transparent and easily shaped as films or bulks. However, they 

are generally polydisperse in size and locally heterogeneous in chemical composition. 

The local and semi-local control of the hybrid materials structure and their degree of 

organization is an important issue and can be achieved by two main approaches. The 

first one consist in the use of bridged precursors such as silsesquioxanes, while the 

second one includes the use of hydrothermal synthesis performed at moderates 
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temperatures (20–200 °C) in polar solvents (water, formamide, toluene, alcohol, 

DMF). 

The route 2 is characterized by the hybridization of preformed NBB such as clusters, 

nanoparticles or nanolayer compounds. They react with each other, via assembling or 

intercalation or intercalation and dispersion, to form the final hybrid material. In this 

procedure, the precursors still keep their original integrity while one or both structural 

units are formed from the precursors that are transformed into a new network; in fact 

the structural units that are used as precursor can also be found in the final material 

without any significant structural changes during the matrix formation. Moreover, the 

step-by-step preparation of these materials usually allows for a high control over their 

semi-local structure.52  

In addition to the routes 1 and 2, a new way in which mesostructured hybrid network 

growth by organic surfactants template has been explored. One possibility is to 

achieve a templated surfactant growth of mesoporous hybrids by using bridged 

silsesquioxanes as precursors. This approach leads to a new class of periodically 

organised mesoporous hybrid silica with organic functionalities within the walls.53 

Another possibility is the combination of self-assembly and NBB approaches with a 

generation of a large variety of hybrid organic-inorganic interfaces via covalent 

bonding, complexation and electrostatic interactions.54 

The deposition techniques of hybrid films are strictly correlated with their potential 

applications and they are challenging because of the different physical and chemical 

character of organic and inorganic components. Spin-coating is one method of 

depositing films of the soluble organic-inorganic hybrid on a variety of substrates 

including glass, quartz, sapphire, and silicon.55,56 As the solution spreads on the 

substrate, it dries and leaves a deposit of the hybrid. The relevant parameters for the 

deposition include the choice of substrate, the concentration of the hybrid in the 

solvent, the substrate temperature, and the rotation speed. Other techniques for 

depositing the organic-inorganic hybrids are ink-jet printing, stamping, and spray 

coating, opening up the possibility of depositing these materials under a wide range of 

conditions and on many different types of substrates (including flexible plastic).47 
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1.2.3. Nanocomposite film 

The term nanocomposite refers to a composite in which at least one of the phases 

shows dimensions in the nanometre range (1 nm = 10–9 m).57 The unique design and 

the property combination of this type of nanomaterial are not founded in the 

conventional composites; the  interactions at the interphase at the nanometer level in 

fact, largely improved the materials properties such as electrical conductivity, 

insulating behavior, elasticity, greater strength, different color, and greater reactivity.58 

There is no a clear distinction between hybrid and nanocomposite materials since the 

molecular building blocks and inorganic cluster in hybrid materials can be at the 

nanometric scale. The concept of enhancing properties and improving the materials 

properties through the creation of multi-phase systems is not recent. The excellent 

example of using synthetic nanocomposites in antiquity is represented by Mayan 

paintings developed in Mesoamericas. The structure of the paints consisted of a clay 

matrix mixed with organic colorant molecules. They also contained inclusion of metal 

nanoparticles, encapsulated in an amorphous silicate substrate, which were formed 

during heat treatment from impurities (Fe, Mn,Cr).59 Nowadays, nanocomposites offer 

new technology and business opportunities for all sectors of industry, from packaging 

to bio-medical. According to their matrix material, the nanocomposite can be 

classified in three different categories:  

1. Ceramic Matrix Nanocomposites (CMNC), (Al2O3-SiO2, SiO2/Ni, Al2O3-TiO2, 

Al2O3/SiC, Al2O3/CNT. 

2. Metal Matrix Nanocomposites (MMNC), (Fe-Cr/Al2O3, Ni/Al2O3, Co/Cr, 

Fe/MgO, Al/CNT, Mg/CNT). 

3. Polymer Matrix Nanocomposites (PMNC), (Thermoplastic/thermoset 

polymer/layered silicates, polyester/TiO2, polymer/CNT, polymer/layered 

double hydroxide). 
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1) Although the ceramic materials have a good wear resistance and high thermal and 

chemical stability, they are brittle. The CMNC are produced to overcome these 

limitations by increasing the mechanical properties. For example the addition of 

whiskers, fibres, platelets or particles in a ceramic matrix increases the fracture 

toughness.60 Recently it has given more attention to the passive control of the 

microstructures by incorporating nanometer-size second phase dispersion into ceramic 

matrices. The dispersion can be characterized as intragranular or intergranular. The 

additive can segregates at the grain boundary with a gradient concentration or 

precipitates as molecular or cluster sized particles with the grains or at the grain 

boundaries. Niihara et al. demonstrated that the Al2O3 matrix has been strengthened by 

adding a low volume fraction (10%) of SiC particles.61 Consequently, the 

incorporation of high strength nanofibres into ceramic matrices has allowed the 

preparation of advanced nanocomposites with high toughness and superior failure 

characteristics compared to the brittleness of ceramic materials. The most common 

method used to prepare ceramic matrix nanocomposites are conventional powder 

method, polymer precursor route, spray pyrolysis, vapour technique (CVD), sol-gel 

process, colloidal and precipitation approaches and template synthesis. 

2) The MMNC are formed by ductile metal or alloy matrix (including aluminium, 

titanium, copper, nickel and iron) in which some nanosized reinforcement materials 

(including borides, carbides, nitrides, oxides and their mixture) is implanted, 

combining the properties of metal and ceramic such as ductility and toughness with 

high strength and modulus. This class of nanocomposites is suitable for production of 

materials with high strength in shear/compression processes and high service 

temperature capabilities.62 It has attracted considerable attention as a result of 

availability of various type of reinforcement at competitive costs, the successful 

development of manufacturing process to produce MMCs with reproducible structure 

and properties and the availability of standard metal working method which can be 

used to fabricate these composites. The MMCs are of particular interest due to their 

easy fabrication, lower costs and isotropic properties.63  
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This type of nanocomposite is produced by different techniques such as spray 

pyrolysis, liquid metal infiltration, rapid solidification, vapour techniques (PVD, 

CVD), electrodeposition and sol-gel processes. 

3)  The most widely used nanocomposites are the PMNC class due to their easy 

production, lightweight and often ductile nature. However, they have some 

disadvantages such as low modulus and strength compared to metals and ceramics. 

Also in this case the matrix can be reinforced by adding particles, whiskers or 

platelets. For example to increase the heat and impact resistance, flame retardancy and 

mechanical strength, and decrease electrical conductivity and gas permeability with 

respect to oxygen and water vapour, the polymer have been filled with inorganic 

compounds.64 Furthermore, the metal nanoparticles can confer unique properties, such 

as magnetic, electronic, optical or catalytic, which add up to other polymer properties 

such as processing and film forming capability.65 Using this approach, polymers can 

be improved while keeping their lightweight and the ductile nature. Among the 

synthetic methods used to produce polymer nanocomposites the most important are 

intercalation of the polymer or pre-polymer from solution, in situ intercalative 

polymerization, melt intercalation, direct mixture of polymer and particulate, template 

synthesis, in situ polymerization and sol-gel process.66 

The application of nanocomposite system includes both the generation of new material 

and the improvement of known devices such as sensor and coatings. The polymer 

based nanocomposites are in more advanced development status compared to ceramic 

and metal counterpart and they are in a forefront of applications. Their transition from 

research field to industry applications have already started and is expected to increase 

in the next few years.  

Nanocomposites, especially belonging to the first class, have been developed in this 

thesis through a combination of ceramic matrix and cerium oxide nanoparticles. The 

prospective of this material are based on the capability of the matrix incorporating 

metal oxide nanoparticles to significantly improve the mechanical properties.67,68 In 

fact, we would like to use thin films embedding nanoceria as a coating on plastic 

substrates in order to increase the surface properties. 
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The possibility to design nanoceria based nanocomposites has been developed by 

Arjun Prakash et al., incorporating ceria nanoparticles with controlled shapes and sizes 

into epoxy resin and testing the enhancement in impact strength of the composite; 

which is about four times that of the neat epoxy resin.69  

1.2.4. Cerium oxide  

Cerium belongs to the lanthanide series or rare earth elements and it is the most 

abundant in the earth's crust. After Europium, Cerium is the most reactive element of 

the rare earth metals, easily oxidizing at room temperature.70 The electron 

configuration of Cerium is [Xe] 4f15d16s2 with two common valence states Ce(III) and 

Ce(IV). Ground state electron in a 4f orbital is responsible for its efficient 

reduction/oxidation (redox) behaviour. In fact, Cerium atoms can cyclically switch 

their oxidation state between the two ionic states, +3 (reduced) and +4 (oxidised). 

When Cerium is in form of oxide nanoparticles (nanoceria) there is a reduction of 

surface Cerium atoms to Ce3+ while the atoms in the core remain Ce4+. Nanoceria 

shows high intrinsic defects and oxygen vacancies in its crystalline structure, 

alternating CeO2 and CeO2-X (X=0-0.5) (Fig.1.10) in the redox reaction and enabling 

nanoceria to show an auto-catalytic mechanism.71 The lattice oxygen in Cerium oxide 

is considered to be highly mobile over a wide range of working temperatures. High 

oxygen mobility imparts several important properties to nanoceria such as (a) oxygen 

storage and release (b) promoting noble metal activity and dispersion for application in 

catalysis72 (c) stabilization of chemically active Ce3+ oxidation state (d) reduction in 

band gap and solar cells.73 Thus the creation of oxygen vacancies stabilizes the 

thermodynamically instable Ce3+ in Cerium oxide. It was shown that the oxygen 

vacancies could originate on the surface or subsurface and could act as catalytically 

active hot spots.74  
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Fig.1.10 Charge redistribution in CeO2 upon the occurrence of an oxygen vacancy.

75
 

 

The potential catalytic activity of nanoceria depends on the surface structures, which is 

strongly influenced by the interaction with the environment. In this work we are 

interested in nanoceria as platform for biological applications where water 

environment plays an important role, since aqueous solution promotes the easy 

formation of vacancies.76 Most of the theoretical models show that water molecules 

are easy adsorbed on reduced ceria surface; however the role of water in reduction or 

oxidation of cerium oxide at the nanoscale regime is still under debate. Watkins et al77 

and Chen et al78, for example, hypothesized that H2O molecules can be oxidized on the 

surface of ceria, while other groups disagree with this observation.79 More detailed 

investigations showed that the presence of water molecules on stoichiometric ceria 

surface may increase the number of vacancies on ceria (111) surface.76 Thus, the 

aqueous media around cerium oxide nanoparticles may favour the surface reduction 

and retention of Ce3+ oxidation state leading to the most stable structure. However, the 

nominal valence of Cerium atoms and the defective structure of cerium oxide are 

dynamic and may change spontaneously or in response to some other parameters such 

as temperature, presence of other ions, and oxygen partial pressure.80  

The unique chemistry of Cerium makes ceria nanoparticles an interesting material 

with a dual role, either as an antioxidant or as pro-oxidant system, depending on the 

reaction conditions. In 2007, Korsvik et al.81 first reported that nanoceria can also 

scavenge superoxide radicals efficiently. Due to the lower reduction potential (~1.52 
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V) of the Ce3+/Ce4+ couple, Cerium atoms can easily switch back and forth. This 

interchangeable property between Ce3+ and Ce4+ makes them regenerative.82 

Ceria nanoparticles have been tested for this unique regenerative antioxidant property 

in different areas of biotechnology and medicine where pathologies are associated 

with excessive oxidative stress. The physicochemical properties, particularly for 

biological applications, of cerium oxide nanoparticles are dependent on the synthetic 

process. In fact physical properties such as size, agglomeration status in liquid, surface 

charge, and coating or residual contamination of the surfactant on the surface of the 

nanoparticles mainly influence interactions at the nano–bio interface.83 Moreover the 

Ce3+/Ce4+ ratio on the surface also affects the surface chemistry of the nanoparticles 

enabling a fine control of the interactions at the interfaces with biological systems.84 

Considering its scientific and technological interest, it is not surprising that numerous 

methods have been developed to synthesize nanoceria. The temperature used during 

the synthesis significantly affects agglomeration, crystallite size, crystal structure, 

surface defects, and oxidation state; so that the synthetic methods are divided into 

three categories85 based on the specific ranges of temperature at which the reactions 

are conducted. 

• High Temperature: nanoceria heated or calcined at >300°C (e.g., sintering, 

calcination, high-temperature or flame and spray pyrolysis, and thermal 

decomposition), no residual surfactant on nanoceria surface are expected after 

pyrolysis. A surfactant can be added after heat treatment to disperse the 

nanoparticles in solution. 

• Heated in Solvent: nanoceria heated in solvents <100°C (e.g., thermal 

hydrolysis, solvothermal, and hydrothermal) with or without surfactants. 

• Room Temperature: nanoceria synthesized at room temperature (e.g., acid or 

base hydrolysis or microemulsion), with or without surfactant as coordinating 

agent. 
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High-temperature methods often involve techniques such as spray pyrolysis and sol-

gel synthesis followed by high temperature calcination of nanoparticles to crystallize 

nanoparticles and remove impurities. These processes employ ceria precursors such as 

cerium alkoxides or carboxylates.70 High temperature processes produces quite large 

(>25 nm), crystalline and dense ceria nanoparticles which tend to form hard 

agglomerates during the firing. Furthermore nanoceria shows sharp facets or edges.  

The nanoceria synthesized by the second method, which include hydrothermal, 

solvothermal, and high-temperature hydrolysis of cerium salts are smaller and show a 

uniform distribution in size with a spherical morphology. These nanoparticles are less 

agglomerated, less crystalline, and better dispersible in aqueous media.  

The last categories includes wet-chemical synthetic methods for the production of 

nanoceria such as co-precipitation,86,87 hydrothermal,88 solvothermal,84 sol–gel,89 

Pechini90 (a modified sol–gel method using citric acid), micro emulsion71 and reversed 

micelle methods.91 These techniques are based on a source of Ce3+ and an oxidant: the 

oxidant converts the Cerium ions into the more insoluble Ce4+. To obtain a well 

dispersed colloidal suspension of nanoparticles, one or more stabilizer can be also 

added before or after the nanoparticle synthesis. In the latter case, the concentration 

and binding strength of the stabilizer on the nanoparticle surface controls the final 

particle size. The most commonly stabilizers used in a nanoceria synthesis are: organic 

alcohols, polymers such as poly vinyl pyrrolidone, carboxylates and organic amines. 

The ceria nanoparticles prepared at room temperature, even in absence of surfactants 

or coatings, are usually weakly agglomerated and they typically show a size from 10–

20 nm down to 3-6-nm. Moreover, by adjusting the pH of the nanoparticles suspension 

to an acidic pH, it is possible to have a stable unagglomerated (3–5 nm) or loosely 

agglomerated (10–12 nm) nanoparticle suspension.92 Furthermore, the room-

temperature synthesis of ceria nanoparticles produces particles that retain more surface 

defects with higher Ce3+/Ce4+ ratio.93,94
   

In addition to the conventional methods described above, the treatment with 

microwaves is also used to synthesise nanoceria. The microwave-assisted method is 

characterized by rapid and homogeneous heating in contrast to the conventional one, 
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even thought the thermal effects are similar to those of other heating method.95 

Microwave treatment has many benefits such as rapid volumetric heating, high 

reaction rates, high reaction selectivity (different parts of the material can be heated 

creating a temperature gradients between them; for example chemo-, regio- and stereo-

selectivity for organic compounds can be achieved by using this treatment), high 

product yield, and energy saving.96 It is an inexpensive, facile and fast method for 

preparing nanocrystalline particles. Several studies on the microwave-assisted 

synthesis of materials, in fact, have proved that the kinetics of the organic and 

inorganic chemical reactions can be accelerated significantly by microwave. The 

irradiation under the microwave produces a better crystallinity in a shorter time. This 

indicates that the introduction of the microwave really can save energy and time with 

faster kinetics of crystallization.97  

Regarding to the nanoceria bioactivity, the synthetic method can be selected in 

relationship to the biological effect, antioxidant or pro-oxidant for the cellular 

environment, depending on the prospected applications. In the Table 1.1 we can group 

the biological effects of nanoceria in three responses: pro-oxidative (red; which 

include inflammatory response), anti-oxidative (blue; which include beneficial effect) 

and neutral (green; which include no effect or ambiguous effects). Most of the 

nanoceria synthesized by using high temperature show pro-oxidative effects on cells, 

while those synthesized at low temperature in solvents or at room temperature show 

anti-oxidative response or ambiguous response or no effects.   
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Tab.1.1 Classification of biological response of nanoceria based on the synthesis method.

 85
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1.2.5. Crystallinity 

In general crystal grains are the elementary building blocks of nanoparticles. 

Nanoparticles and nanoceria can be either mono-or polycrystalline.70 Ceria (CeO2) is a 

lanthanide oxide with the cubic fluorite crystal structure (Fm3m) (Fig.1.11a) and a cell 

parameter of 5.41 Å at room temperature. There are also a number of diverse oxides of 

cerium with composition CeO2−x, where x=0-0,5. The practical reduction limit of non-

stoichiometric ceria is Ce2O3, where all Cerium ions are found in a Ce3+ oxidation 

state. The crystal structure of Ce2O3 under normal conditions is the A-type sesquioxide 

(P3m1) (Fig.1.11b). 98 

 

 
Fig.1.11 (a) The fluorite structure of CeO2. (b) The A-type Ce2O3 structure. Oxygen ions are large 

open circles and cerium ions small filled circles.
98

 

In CeO2 fluorite crystal structure each Ce4+ cation is coordinated by eight nearest 

oxygen anions and each oxygen anion by four nearest Ce4+ cations (Fig.1.12). Loss of 

oxygen and/or its electrons forms oxygen vacancies or defects in the lattice. This 

defect results in lattice strain. Crystal strain is the displacement of atoms from their 

equilibrium lattice positions that results in a higher energy respect to the equilibrium 

value. The strain energy can be exploited to modulate chemical reactivity (strain-

tuneable reactivity).  
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Fig.1.12 Structural analysis of ceria crystals and unit cells. Eight-fold coordinated cerium atoms 

(yellow) with four-fold coordinated oxygen atoms (red) in ceria crystals (a and b) and the 

primitive unit cell (c). 
70

 

 
The distortion may arise and change with temperature, oxygen partial pressure, doping 

with other ions, electrical field or surface stress. As mentioned several features of the 

ceria nanoparticles can be related to the presence of oxygen vacancies, whose 

formation involves a reversible change in the oxidation state of two Cerium ions from 

Ce4+ to Ce3+.  

Therefore the oxygen in form of O2− leaves the lattice while ½O2 and the two electrons 

become trapped between two Cerium sites. The result is that the Ce4f band in ceria 

splits into two bands: an occupied Ce4f Full band and an empty Ce4f Empty band. In 

Ce2O3 structure the electronic band is similar to that of partially reduced ceria, the 

main difference being that the Ce4f Empty and Ce5d bands have merged together in 

the conduction band.98 

Characteristic peaks of cubic nanoceria phase can be indexed in an X-ray 

diffractogram as (111), (200), (220) and (311) planes, from which it is possible to 

measure the crystallite size by using Sherrer equation. The crystallite size and the 

lattice strain may be affected by the thermal treatment during the annealing process, in 

fact Kurian et al.99 demonstrated that nanoceria treated at low temperature (400°C) 

show broad peaks with low intensity and average crystallite size ranges from 4.2 to 4.9 

nm. However, when the samples are annealed at high temperature (700 °C), the peaks 

are significantly narrower with higher intensities indicating an increase in the particle 
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size. Therefore the calcination at high temperature results in rapid grain growth 

leading to agglomeration. When nanoceria has high crystallinity, the strain and strain-

induced relaxation can be reduced. However, samples with particle size below 10 nm 

calcined at 400 °C have characteristic strain. This may arise due to lack of crystallinity 

as well as the small size effect. 

1.2.6. The importance of  being  Nanoceria 

Nanoparticles size is a critical parameter in determining particle reactivity. Compared 

to the other nanostructures, nanoceria is unique in that the lattice expands as the 

particle becomes smaller. The lattice strain is due to the hydrolysis of Cerium ions to 

form hydroxides on the surface when the hydrogen atoms in the solution bind with the 

oxygen atoms within the lattice.100 The hydroxyl species act as precursors to remove 

oxygen during a reduction process that generates Ce3+ cations. In small-sized particles 

(~3 nm), the loss of one oxygen atom creates a high lattice strain leading to an increase 

in the lattice parameter favouring formation of oxygen vacancies.71 Formation of more 

oxygen vacancies was found to promote reducibility and reactivity of nanosized ceria, 

as studied by Hailstone and colleagues. By comparing different nanoceria with a size 

ranging from 11.8 nm to 1.1 nm,101 it was found that the lattice expansion due to the 

oxygen vacancies increases with the decrease of the nanoparticle size: 1.1% for the 

11.8 nm particles and 6.8% for those of 1.1 nm. A reasonable rationalization of this 

phenomenon is that at 1.1 nm, a large fraction of the Cerium atoms are in the fully 

reduced state (3+), even though the ceria nanoparticles retain a cubic lattice, and not 

the predicted hexagonal lattice. This explanation is in agreement with other recent 

findings: Seal at al.71, in particular, showed that the concentration of Ce3+ increases 

from 17 to 44% as particle size decreases from 30 to 3 nm. To support these data, the 

oxygen storage capacity (OSC) of the nanoceria has been calculated and the results 

have proved that the size of 2-3 nm has the maximum OSC value. This suggests that 

nanoparticles reactivity increase monotonically with the size reduction, down to the 

range of 2-3 nm, while the oxygen vacancy formation energy decreases dramatically 

as the particle size increases. The correlation between the oxidation state and the 
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nanoparticles size is not linear and is strongly affected by the synthesis adopted for the 

preparation of nanoceria and the difficulty of producing monodisperse nanoparticles 

without residual surfactant or capping agent adsorbed on the surface (Table 1.2).  

The particles size is a critical point in biological environment, because it controls the 

nanoceria uptake in the cells. It has been proved that nano-sized particles are 

internalised by the cells better than the micro-sized102 and the prevalent uptake 

mechanism is endocytosis. Depending on the particles dimension, the cell activates 

different types of endocytosis: clathrin-mediated endocytosis, caveolin-mediated 

endocytosis and macropinocytosis.103 As it is reported in Fig.1.13, the 

macropinocytosis process for particles with bigger size takes place with low rate 

requiring more time, while clathrin-mediated endocytosis for smaller particle occurs at 

higher rate requiring less time. Following the uptake, nanoceria is internalized in 

endosomes which then fused with lysosomes. Moreover, the acidic pH of the endo-

lysosomal compartment promotes the release of nanoceria into the cytoplasm due to 

the inversion of the surface charge of the nanoparticles. 104 
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Particle size 

(nm) 

[Ce
3+

] Synthesis Ref. 

23-28 15.6 Thin Films 105 

3 44 Microemulsion 71 

6 29 Water based "  " 

30 17 Thermal "  " 

3 18 Templated on Silica aerogel 106 

6 35.6 
 

Wet chemical and precipitation 107 

10 24.2 Wet chemical and precipitation "  " 

5000 12.5 Wet chemical and precipitation "  " 

4 6 
 

Wet chemical and precipitation "  " 

7 21 Size fractionation after emulsion synthesis 108 

4.6 38 Size fractionation after emulsion synthesis "  " 

2.6 74 Size fractionation after emulsion synthesis "  " 

 
Tab.1.2 Size dependent changes in concentration of trivalent Cerium in nanoceria. 
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Fig.1.13 Qualitative plot of the internalization level versus the particle size.
103

  

The Cerium oxide nanoparticles can also interact with a protein of biofluid, such as 

blood plasma, which forms a so-called protein corona shell around the nanoparticles 

surface. The effect of nanoparticle size on the adsorbed proteins is a complex function 

of protein size, shape, amino-acid composition, and 3D structure. The effect of 

nanoparticle size becomes significant only when it approaches the protein size that is 

in the sub-30 nm range.109 For the ceria nanoparticles in the sub-10 nm range, changes 

in size are expected to influence the composition of the protein corona. The nanoceria 

size can be controlled not only by synthetic method, but also by the preparation 

conditions such as temperature, pH and chemical precursor. As it is shown in the 

section "cerium oxide" (see paragraph 1.2.4), high temperature treatments allow for 

the production of nanoceria with a dimension bigger than 20 nm, while low 

temperature syntheses often lead to smaller nanoparticles, with less toxicity and even 

more antioxidative properties, that may affect the interaction kinetics at the biological 

interface. It has been demonstrated by Nguyen et al.110 that different size and shape 

nanoceria has been obtained by increasing the pH value of the reaction mixture from 7 

to 14 (Fig.1.14). 
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Fig.1.14 TEM images of ceria nanoparticles formed through surfactant-stabilized synthesis in 

controlling the shape and the size by changing the reaction parameters: (a) (b) (c) pH7 (d) 

pH14.
110

 

Chemical composition of the nanoceria precursor can also have a strong effect on the 

particle size. The cerium ammonium nitrate and cerium sulphate precursors (Ce (IV) 

salts) give similar results while cerium nitrate leads to different results. For example, 

the average grain size of nanoceria prepared by Ce (III) salt is approximately 8 nm and 

this value becomes half when Ce (IV) salts were used. A possible explanation is that 

when Ce (III) salt is used as a precursor, it needs an extra step of oxidation. The 

reaction, therefore, is slower and the particles have enough time to grow, leading to 

bigger particle size.96 

The toxicity of the nanoceria is also correlated with the nanoparticles size. In general, 

it is assumed that toxicity increases as the nanoparticles size gets smaller.111 This can 

be explained by the fact that cellular uptake is facilitated for smaller nanoparticles and 

they are more likely to be distributed in the blood stream or even in the central nervous 

system. In addition, smaller particles have a larger surface area per mass unit in such a 

way that they are potentially more active.112
 However, this is not always applicable for 

all ceria materials; in fact, a study demonstrated that larger ceria particles can have a 
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higher toxicity towards eukaryotic cells and that ceria with  smaller particle size can 

show lower toxicity which can be explained by the higher tendency of smaller 

nanoparticles to form agglomerates.112 Moreover, Gaiser et al.113 showed that 

nanoceria smaller than 25 nm or with a size between 1 and 5 μm does not show any 

significant cytotoxicity. A study by Yokel et al.114 shows that 30 nm nanoceria did not 

cross the blood–brain barrier (BBB) and nanoceria remains in the body, especially in 

the spleen, liver, and bone marrow, for long time periods of up to 90 days. On the 

contrary, bigger-sized nanoceria (55 nm) tends to aggregate at the site of injection 

rather than being distributed in the body.115 

 

1.3. Ceria-based nanocomposites 

Fascinating new opportunities and challenges for materials scientists are opening due 

to the progresses in the synthesis of nanostructured ceria based materials. In the future, 

ceria based nanomaterials will play more important role in energy conversion (e.g., 

fuel cells and the renewable production of fuels from solar energy), energy storage 

(e.g., lithium-air batteries), environmental protection and remediation (e.g., treatment 

of toxic contaminants), as well as the new field of biomedical applications (e.g., anti-

oxidant agent, free radical scavenging and immunoassays).116 Some examples of 

advanced nanostructured ceria based materials are reported in this section to fully 

understand the potential of these systems.  

The nanocomposite materials synthesized in this thesis have been prepared by using 

three different methods; one-pot synthesis, post grafting and a combined of top-down 

and bottom-up approach. 

- One pot method 

In one pot method several reactions are conducted in the same flask as reported in 

Fig.1.15. In this way it becomes possible to avoid long processes, saving not only 

time, but also resources (equipment, chemical compounds, solvents, etc.). In addition, 

the chemical yield can be increased with a reduced loss of intermediate substance.117  
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Fig.1.15 Scheme of one pot reaction.
118

 

The one pot method allows producing nanocomposites with a variety of compositions. 

Goncalves et al.119 reported the novel single-pot synthesis process based on sol–gel for 

the production of a highly transparent hybrid matrix containing CdS nanoparticles 

(NPs). The formation of quantum confined CdS NPs occurs simultaneously with the 

condensation and polymerization of the gel precursors that evolves to a 

macromolecular hybrid organic–inorganic network. The final material is characterized 

as highly transparent, homogeneous and flexible xerogel incorporating stabilized and 

high crystalline CdS NPs. Recently Yang et al.120 for example developed a one pot 

method to prepare mesoporous CeO2 nanoparticles. Compared to the widely used 

nanocasting method to prepare mesoporous metal oxides, which involves the 

preparation of a mesoporous template, the introduction and synthesis of metal oxides 

and the removal of the template, the one pot method provides a simplified way to 

produce mesoporous materials with large surface area and good crystallinity. 

 

- Post synthesis grafting method 

Among various surface functionalization method, the post synthesis grafting method is 

the most popular approach for incorporating functionalities such as chemical groups or 

nanoparticles on an inorganic, hybrid organic-inorganic or polymeric surfaces. The 

introduction of functional groups on the biomaterial surface can be, for example, 

achieved by a silanization of the material surface which can react with hydroxyl 
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groups present in a surface such as bioglass, titania or other metal oxide surface. There 

are many types of commercially available silane coupling agents, which are easy to 

react with hydroxylated surface and introduce active groups (e.g. amino group and 

carboxyl group) to the surface. The silanized surface can be then modified by further 

grafting. Although the silanization is simple and effective, the reaction conditions such 

as concentration of the silane and reaction time must be carefully controlled to prevent 

forming thick polymerized silane network on the surface. Otherwise, the bond 

between silane and the surface can also subject to hydrolysis in some conditions.121 

The gold -polymer nanocomposite, used for biosensing and bioimaging, is a nanosized 

composites that consist of gold core coated with a polymer shell (biopolymer: peptide 

and oligonucleotides and artificial polymer: poly-N-isopropylacrylamide) prepared by 

three different post grafting process: the grafting- from, in which a polymer chain is 

extended from the surface of the gold core, grafting-to, where a gold core is generated 

in polymer aggregates and post-modification which involves the conjugation of as-

prepared gold nanoparticles with the polymer.122 It is also reported the use of post 

synthetic grafting method to incorporate functional group (organometallic species, 

amine and thiol groups and epoxide functions) to the surface of the pore walls in order 

to tailor the chemical properties. However, this method quite often leads to low 

loadings, an inhomogeneous distribution of the functional groups and a decrease of 

pore volume. In fact, in order to have an effective grafting via silylation reaction, it is 

necessary to have a large number of surface silanols in the material. The pore walls 

grafted with catalytically active material have been used to investigate hydrogenation, 

oxidation, dehydration, hydrolysis, epoxidation and other catalytic activity.123 
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-Top down and bottom up approach 

At present, a significant challenge in nanotechnology is the positioning of self-

organized nano-objects onto surfaces to fabricate functional systems. In order to 

obtained multifunctional nanostructures with useful properties and high quality, 

precise control over the relative position and orientation of the nanocomponents is 

frequently required. Moreover, the integration and the stability of interfaces to these 

nanostructures is a key parameter for the success of future applications. An attractive 

approach for creating such a bridge between macroscopic systems and nanoscale 

dimensions is the texturing of macroscopic surfaces by top-down nanolithography 

techniques for controlling the bottom-up self-organization of preformed nano-objects. 

An impressive number of patterning technologies involving top-down and bottom-up 

approach have been developed in these last years. Several strategies rely on the 

formation of an ultrathin film on the surface material of interest, followed by chemical 

transformation/ damage on the film caused by a lithographic technique and finally the 

immobilization of nanoscaled components on the modified surfaces through either 

covalent or supramolecular interactions to form functionalized three-dimensional 

nanostructures.124 Generally, the top-down and bottom-up methods are quite different 

concepts; the first one is an application of a writing beam, such as UV light, X-rays, 

electrons, to a material that responds to the radiation. The writing process can be direct 

or used for preparing a mold and to pattern through replica. The bottom-up approach 

of nanostructured films, on the contrary, is more compatible with soft-lithography 

techniques, such as micromolding in capillaries (MIMIC) or dip-pen nanolithography. 

These techniques, however, appear at the moment not well integrated with the current 

technologies of mass production, which are mainly top-down.125
 However, both the 

top-down and bottom-up methods are at the heart of such developments in 

nanotechnology and neither the top-down nor the bottom-up approach is superior to its 

competitor, as a result of the numerous fundamental breakthroughs made in the past 

three decades. Nowadays there are different examples showing the combination of the 

top-down and the bottom-up techniques. IBM, for example, developed the Airgap 
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technology which combines standard complementary metal–oxide–semiconductor 

fabrication with nanopatterning based on self organization in polymeric layers, at the 

industrial scale. Here, the metal wires of an electronic chip are mutually isolated by 

means of gaps, realized by using a nanoporous self-assembled polymer film.126 In 

Fig.1.16 is reported an intimate integration of different lithographic methods used to 

realize chemically patterned polymer brushes and mats or even features made of 

nanoparticles immobilized on the brushes. The top-down approach, that is the 

photolithography, is performed on a photoresist deposited onto a crosslinked PS mat, 

and then an etching step is carried out for finely determining the feature size in 

polymers. Afterwards, the remaining regions of the cross-linked PS mat, with 

dimensions down to 10 nm, leave exposed areas of the substrate underneath, which 

allow endgrafted polymer brushes or PS-PMMA random copolymer to be grafted from 

spin-coated films. Finally, the resulting chemical pattern can be employed to site-

specific immobilization of metal nanoparticles or overlying PS-b-PMMA self-

assembly, completing the ultimate, bottom-up part of the method.127 X-Rays are the 

most common writing tools used to pattern different types of materials such as self 

assembled mesoporous film and sol-gel processed materials.  

In the last years a new frontier in the application of deep X-ray lithography (DXRL) 

has been opened. The lithographic processes, that have been applied for the fabrication 

of molds or structural materials in the micron-scale, have been successfully applied to 

functional resist, designed at the nanoscale, which are synthesized through a ‘‘soft 

matter’’ state by a wet-chemistry approach. This new approach represents a real 

opportunity to combine bottom-up and top-down technologies. 
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Fig.1.16 Schemes showing the formation of a chemical pattern, followed by nanoparticle 

immobilization or directed assembly. A film of cross-linked PS is patterned and etched, and a 

hydroxyl-terminated random copolymer of styrene and methyl methacrylate is grafted onto the 

exposed spaces of the substrate. Nanoparticle immobilization and BCP directed assembly are also 

enabled in this way.
127

 

 

The combination of hard X-ray and soft-matter, in fact, offers remarkable advantages 

towards the improvement of the existing micro-fabrication techniques. Sol–gel 

materials, hybrid organic–inorganic materials, mesoporous films, and block 

copolymers are good candidates to be directly modified and written by hard X-rays.128 

Recently it has been reported the possibility of using X-rays to produce at the same 

time changes in the film porous structure, patterning its surface and promoting growth 

of nanoparticles in the organized mesopores or directly in the matrix. Malfatti et al.129 

reported the fabrication of pattered silica mesoporous film with gold nanoparticles 

(Fig.1.17) by using DXRL. X-rays, produced by highly brilliant sources of 

synchrotron light, induce condensation of the pore walls, remove the surfactant and 

partially remove the covalently bonded organic groups, at the same time gold 

nanoparticles are formed in a simple and controlled way. The process, which combines 

top-down and bottom-up technologies is direct, highly reproducible, and does not need 

several complicate steps for the fabrication of functional materials. 
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Fig.1.17 Optical images taken from as deposited films on silicon after exposition to X-rays and 

before etching. The pink-red color is indicative of the presence of gold nanoparticles, whereas the 

unexposed part of the film appears light blue. The same pattern of image c after etching is shown 

in the SEM image in d.
129

 

A subsequent extension to bio-functionalized platforms by using DXRL would 

possibly open new frontiers in biomedical application. In this thesis, DXRL has been 

applied to fabricate a device based on antioxidant nanoparticles embedded in 

mesoporous matrix with a high integration of bottom-up and top-down technologies 

with potential application in biomedical field.  

 

1.4.  Aging and oxidative stress   

One of the pilot schemes of the European Commission is to increase the average 

healthy lifespan of Europeans by 2 years by 2020 by improving health and quality of 

life with a focus on older population. Among the several theories proposed to explain 

aging process, has been shown that oxidative stress plays an important role in the 

aging which is becoming one of the challenges in the public health.130 Denham 

Harman is the pioneer of the “free radical theory of aging” and he proposed the first 

attempts to treat or modify the rate of aging using antioxidants. Experiments, 

conducted in mice over the 1969– 1980 time interval, were based on the premise that 
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free radical reactions contribute significantly to the degradation of biological systems 

and they play an important role in aging. Therefore the administration of antioxidants 

would increase the lifespan.131 

Oxidative stress is defined as an imbalance between the production of reactive oxygen 

species (ROS), reactive nitrogen species (RNS) and the cellular antioxidant defences. 

ROS include both free radicals (reactive chemicals with an unpaired electron in an 

outer orbit) and molecules containing non free radical oxygen such as hydrogen 

peroxide (H2O2), superoxide (O2
· −), singlet oxygen (½O2), and the hydroxyl radical 

(·OH). There are also reactive nitrogen (NO·), Iron, Copper, and Sulfur species which 

can increase ROS formation, impair the redox balance and then lead to oxidative 

stress.132 ROS are produced in the living organism as a result of the normal 

metabolism. At low concentration, they contribute to the physiological cell process in 

a variety of cellular signaling molecules and pathways, modulating cell proliferation, 

apoptosis and gene expression through activation of transcription factors, like 

NFkappa-B. Conversely when cellular antioxidant defences are overwhelmed, there is 

an overproduction of ROS which can react with lipids, proteins and DNA, causing cell 

damage and death, aging and diseases.133 ROS mechanism has been involved in the 

pathology of several diseases, such as cancer, 134 atherosclerosis, 135 rheumatoid 

arthritis, 136 Parkinson137 and Alzheimer.138  The role of free-radical reactions, not only 

in human disease, but also in biology, toxicology and the deterioration of food has 

become an area of intense interest. 

The increase of ROS production is caused by endogenous and exogenous reasons. 

Inflammation, elevation in O2 concentration, and increased mitochondrial leakage 

belong to the first one cause, instead environmental pollution, smoking, nutrition, 

chronic inflammation, ultraviolet light, ionizing radiation and chemotherapeutics 

belong to the second one. 

In the body, superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase 

(GSH) enzymes are able, as endogenous antioxidant, to remove O2 ̇ ‾and H2O2 ROS. 

SOD has an important role in repairing cells from the damage produced by O2 ̇ ‾ by 

accelerating its conversion to H2O2; meanwhile CAT is responsible for the degradation 
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of H2O2 into water and O2. Other important H2O2-removing enzyme in human cells is 

the glutathione peroxidase. Moreover, in the human body are present low molecular 

mass antioxidants substances like uric acid, ascorbate (vitamin C), glutathione, 

tocopherol (vitamin E) and lipoic acid. 139 

When the endogenous antioxidants are not able to neutralize the ROS overproduction, 

the administration of exogenous antioxidant is required. An ideal antioxidant should 

be readily absorbed by body and should prevent or quench free radical formation or 

chelate redox metals at physiologically relevant levels. It should work in aqueous 

and/or membrane domains and effect gene expression in a positive way. 

Several organic exogenous antioxidants including β-carotene, vitamins C and E, NAC, 

coenzyme Q10 provide protective effects in cellular and animal models. In spite of the 

positive effect, however, they show some limitation such as chemical instability140, 

inability to cross cell membrane barriers, extensive first-pass metabolism, rapid 

clearance from cell and then repetitive dosing,141 underscoring the need for alternative 

strategies. Treatment efficacy of diseases that respond to antioxidants should be 

improved by using catalytic antioxidants, which would then decrease the need for 

repetitive dosing.132 Pro- and antioxidant effects of antioxidants (e.g., vitamin C) are 

dose dependent, and thus, more is not necessarily better.  

A material that fully satisfies these requirements and has been studied in this work is 

represented by the nano-sized cerium oxide (nanoceria), an inorganic nanoparticle 

with radical scavenger property.  

1.5.  Enzyme activity mimicked by nanoceria 

The unique chemistry of cerium oxide, which is related to the presence of the mixed 

valence states of Cerium (Ce3+ and Ce4+) and the presence of oxygen vacancies, make 

ceria nanoparticles an interesting material with a dual role, either as an antioxidant and 

radical sink or as pro-oxidant system, depending on the reaction conditions. This 

dualism makes nanoceria suitable for a wide range of applications such as UV-

blockers and filters,142oxidation catalysts, 143 solar cells,73 free-radical scavengers,82 

protector of primary cells from the detrimental effects of radiation therapy, 144 
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neuroprotector of spinal cord neurons145 and blocking of retinal degeneration.104 

Recently nanoceria gained an important position in the biotechnology and therapeutics 

fields for its capability to mimic a multi-enzyme activity, including superoxide oxidase 

(SOD) and catalase (CAT) with self-regeneration properties. SOD is an enzyme that 

repairs cells and reduces the damage produced by superoxide, the most common free 

radical in the body. It catalyzes the disproportionation of superoxide to H2O2 and O2. 

The dismutation of superoxide by nanoceria is catalyzed146 as reported in Fig.1.18. 

 

 
Fig.1.18 Chemical process of the dismutation of superoxide by nanoceria. 

146
 

Celardo et al.147 explained in details the molecular mechanism of superoxide 

dismutation by nanoceria. As illustrated in Fig.1.19, using (4) as the original state, 

superoxide can bind to oxygen vacancy sites around two Ce3+ (5). Then, an electron 

transfers from one Ce3+ to an oxygen atom. Two protons from the solution can bind to 

the two electronegative oxygen atoms to form one molecule of H2O2 and be released 

(6). The remaining oxygen vacancy can provide a binding site for a second superoxide 

molecule (7). After reaction, a second H2O2 molecule is released and the original 

2Ce3+ will be oxidized to 2Ce4+ (1). However, the reaction did not stop at this step. An 

oxygen vacancy sited on the surface (1) exposes a 2Ce4+ binding site for one molecule 

of H2O2 (2); hence, the H2O2 plays the role of a reducing agent. After the release of 

protons, two electrons will transfer to the two Cerium ions, to reduce them to 2Ce3+ 

(3). Next, oxygen is released and the fully reduced oxygen vacancy site returns to the 

initial state (4). 
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Fig.1.19 A model of the reaction mechanism for the dismutation of superoxide by nanoceria.

147
 

Celardo et al. also proposed a possible molecular mechanism for the molecular 

mechanism of CAT (Fig.1.20). The latter is a protective enzyme found in nearly all 

living organisms exposed to oxygen. It is responsible for the degradation of H2O2, a 

powerful and potentially harmful oxidizing agent. The oxidative half reaction of 

nanoceria is shown in Fig.1.20 (1–4). One molecule of H2O2 reacts with Ce4+, 

reducing it to Ce3+ and releasing protons and O2. The reductive half reaction is shown 

in Fig.1.20 (4–6–1). A second H2O2 molecule can bind to the oxygen vacancy site (5), 

oxidize the Ce3+ to the initial Ce4+ state and release H2O. 

 
Fig.1.20 A model of the reaction mechanism for the dismutation of hydrogen peroxide by 

nanoceria.
147 
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Thanks to both CAT and SOD like activities of nanoceria, the H2O2 generated in the 

SOD-mimetic process can enter into the catalase-mimetic dismutation cycle and 

produce innocuous H2O and O2, making nancoeria an excellent antioxidant. 

The multi-enzyme mimetic activity of nanoceria could be affected by many factors 

such as Ce3+/ Ce4+ ratio*, particle size, buffer species and pH conditions. In fact, ceria 

nanoparticles with higher ratios of Ce3+/ Ce4+ exhibit a higher SOD-like activity, while 

nanoceria with lower ratios shows a CAT-like activity. Since that Ce3+ state increases 

with decreasing particle size, we can assert that nanoceria with small size dimension 

have more SOD than CAT -like activity.  

The phosphate is a basic substance in biological systems; its impact on the activity of 

nanoceria should be taken into account when nanoceria is used in cell culture or 

animal studies. Exposure of nanoceria to phosphate buffer results in a decrease in 

SOD-mimetic activity and an increase in CAT-mimetic activity. However, it is not 

observe a change when nanoceria is exposed to other buffers such as carbonate and 

sulfate.148  

The pH value can also influence the catalytic properties of nanoceria. The CAT-

mimetic activity of nanoceria significantly decreases from physiological pH to an 

acidic pH, whereas the SOD activity of nanoceria is only slightly affected over a 

variety of pH changes. This suggests that at a more acidic pH, nanoceria cannot 

detoxify the hydrogen peroxide at the same rate as it can at neutral pH, whereas the 

rate for superoxide converting to peroxide is not affected. Thus, in an environment 

with low pH, nanoceria could be harmful. 146 

It has been shown that nanoceria is also capable to scavenge the hydroxyl radical, one 

of the strongest oxidants, and the nitric oxide radical. 

                                                            
* A simple visual comparison of different nanoceria samples can be used to identify 

what is the dominant oxidation state. A dark yellow color of the sample indicates a 

higher concentration of Ce+4 ions while a light yellow color indicates the 

predominance of Ce+3.  
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1.6.  Nanoceria in biomedicine: interaction nanoparticles -  cellular 

environment 

The anti-oxidant property of nanoceria has generated deep interest among researchers 

as a potential tool for bio-medical systems. Some pioneering studies, began in around 

2006, showed that nanoceria exhibited antioxidant behaviour in cell culture 

models.104,149 However, the fate of nanoparticles in the environment and their 

interactions with the biological systems are not fully understood yet. A change in the 

environment, in fact, causes a modification of the nanoparticle structures, such as size, 

shape and surface properties. Therefore the study of the bio-physicochemical 

interactions of nanoceria is of fundamental importance, since these can affect its 

therapeutic property. 

Recently, three different nano–bio interfaces have been identified: the nanoparticle 

surface, the solid–liquid interface around the nanoparticle, and the solid–liquid 

interface's contact zone with biological substrates (Fig1.21).150 Among these three 

zones, the characterization of the solid-liquid interface is a key challenge to 

understand the nano-bio interface. In cell culture media, specific parameters, such as 

pH and ionic strength, affect particle aggregation, biodegradability, zeta potential and 

valence of the surface layer. When nanoparticles are dispersed in a biological medium, 

the adsorption of bio-molecules (ions, proteins, lipids, sugars, and small molecules) is 

favoured, leading to the formation of bio-molecular corona.148 The adsorption of the 

protein on the nanoparticles surface depends on the electrostatic, hydrophobic and 

specific chemical interactions between protein and the nanoparticle surface. The 

protein adsorption is favoured when nanoceria has a positively charged surface, 

whereas negatively charged surface does not significantly adsorb proteins.  

The presence of functional group on the nanoparticles surface can play an important 

role in cell-nanoparticles interaction or cellular uptake by avoiding the protein corona 

formation and then the nanoparticles aggregation. Cimini et al.151 reported that the 

surface functionalization with polyethylene glycol (PEG) increases nanoceria colloidal 

stability without affecting its catalytic activity, minimizes the attachment of opsonin 



52 

Dott.ssa Alessandra Pinna 
Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 
Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 
Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

 

protein and suppresses uptake by macrophages, favouring the uptake of nanoceria into 

neuronal cells.  

 
Fig.1.21 Representation of the interface between a nanoparticle and a lipid bilayer.

150
 

 

Several types of cell have been used to explore the effects of nanoceria in cells 

environment. For example studying on squamous carcinoma cells and normal dermal 

fibroblasts, show that when nanoceria is internalized in the squamous carcinoma cells, 

it induces reactive oxygen species whereas it does not cause any oxidative stress in 

normal dermal fibroblasts. The increase in ROS generation is mainly due to the acidic 

environment of cancer cells because, in these conditions, nanoceria converts 

superoxide radical into hydrogen peroxide and does not scavenge hydrogen peroxide, 

therefore hydrogen peroxide is accumulated in cells.152  

The particle size determines if the nanoceria are internalised into the cells. Smaller 

nanoceria (3–5 nm) are more efficiently taken up into the cells. 102  Singh et al. 

reported that 3-5 nm nanoceria, are internalised into keratinocyte (HaCat) cells by 

clathrin and caveolae mediated endocytosis pathways. The nanoceria is internalized in 

endosomes which then fused with lysosomes. The acidic pH of the endo-lysosomal 

compartment promotes release of nanoceria to the cytoplasm due to the inversion of 

the surface charge of the nanoparticles. Since that the diameter of nucleus pore is 9 nm 
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and it can also dilate to 26 nm during internalization, individual nanoceria particles of 

several ~3–5 nm could pass through nuclear pores if they are not aggregated in the 

cytosol.153  

The changes on the nanoceria surface can also influence the cellular uptake. The 

surface charge has been demonstrated to play an important role in cellular uptake of 

nanoceria and also in its toxicity profile which is furthermore related to the cells type. 

Nanoceria with a positive or neutral charge enters most of the normal cell lines studied 

in literature, while nanoceria with a negative charge internalizes mostly in the cancer 

cell lines. In the study reported by Asati et al. the cellular uptake of different types of 

functionalized nanoceria (+, - and 0 charged) has been monitored in different cell 

lines. Cardiac myocytes (H9c2) and human embryonic kidney (HEK293) cells were 

selected as non-transformed (normal) cells, whereas lung (A549) and breast (MCF-7) 

carcinomas were selected as transformed (cancer) cell lines.  

Results showed that positively charged nanoceria internalizes in all cell types, except 

for the breast carcinoma, localizing preferentially in the lysosomes and subsequently 

becoming toxic. In contrast, nanoceria with a negative charge is internalized only by 

lung carcinoma (A549) cells, but not by the breast carcinoma cells (MCF-7), thus 

exhibiting toxicity only to the lung carcinoma cells. Notably, the negative charged 

nanoceria localized into the lysosomes of the A549 cells, while they are not 

internalized and therefore are not toxic to the normal cells (either cardiac myocytes or 

human embryonic kidney cells). Surprisingly, nanoceria with neutral charge is not 

toxic to normal cells or cancer cells, as these nanoparticles primarily localized in the 

cytoplasm. These results suggest that the internalization and sub-cellular localization 

of nanoceria plays a critical role in the toxicity profile of this nanomaterial.154  

In vivo studies have been done to assess the fate of nanoceria in the body and also its 

potential toxicity. Nanoceria (<10 nm) is well tolerated by animals without inducing 

overt toxicity or immune responses across a range of doses. When administered 

intravenously (i.v.) or intraperitoneally (i.p.), nanoceria accumulates primarily in the 

spleen and liver, to a lesser extent in the lungs and kidneys, but not in the heart or 

brain. Furthermore, nanoceria is not readily cleared, persisting in the animals for at 
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least 30 days without appreciable elimination through the urine or faeces, suggesting 

that other nanoceria destinations within the body have yet to be identified.155 

 

1.6.1. Nanoceria and Parkinson' s like disease  

Parkinson’s disease (PD) is the second most common neurodegenerative disease after 

Alzheimer’s disease, and affects approximately seven million individuals in the world, 

with an increasing occurrence as the world population ages. The clinical syndrome of 

PD is characterized by bradykinesia, resting tremor, rigidity, and postural instability. 

In addition to these motor symptoms, many patients suffer of no motor symptoms that 

sometimes even precede the typical movement disorder, such as hyposmia, sleep 

disturbances (i.e. rapid eye movement sleep behavior disorder), depression, 

constipation, and other dysautonomic symptoms. The motor symptoms of PD are due 

to the loss of dopaminergic (DA) neurons within the substantia nigra (SN). 

The disease is caused by the interplay of a number of factors, such as age, genetic risk, 

environmental (the narcotic drug meperidine, various insecticides, solvents and 

agricultural chemistry), exposure to metals (iron, copper, manganese and zinc), 

mitochondrial dysfunction, and other conditions leading to a reactive oxygen species 

(ROS) overproduction.156 Currently available pharmacological treatments based on the 

administration of DA biosynthesis precursors can only attenuate these symptoms; 

however they do not remove causes nor hinder progression of the disease. PD 

aetiology is complex and several nanotechnology approaches have been developed to 

address different aspects of this pathological condition. For example, PEGylated 

immunoliposomes containing tyrosine hydroxylase expression plasmids were used as 

gene therapy carriers able to cross the blood brain barrier and restore motor behaviour 

in a murine model of the disease.157 Delivery of plasmids mediated by polyplexes for 

the expression of a neurotrophic factor (GDNF) was also successfully tested for 

biochemical, anatomical, and behavioural recovery from PD in rats.158  

Since the relationship between PD onset and oxidative stress is increasingly 

recognized in medicine, antioxidants have been proposed to treat the PD and other 
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neurodegenerative disease. However, the use of antioxidants molecules (polyphenols, 

coenzyme Q10, and vitamins A, C, and E)159 was not particularly effective. This was 

attributed to the limits of the antioxidants molecules: (1) they are not easily taken up 

directly by cells, which results in an inability to achieve satisfactory levels of 

antioxidants at the site of injury; (2) many antioxidants are able to scavenge only one 

type of reactive species, whereas neurodegenerative diseases often generate a mix of 

reactive species; and (3) they cannot cross the blood–brain barrier (BBB). Therefore, 

there is an urgent need for novel classes of antioxidants with improved properties.  

Special attention has been focused on ceria nanoparticles, because they can scavenge 

almost all types of reactive species, with excellent regeneration ability. Moreover, they 

can easily cross the BBB because of their nano-size.146 The neuroprotective effects of 

nanoceria to enhance the average lifespan of neuron cells were reported for the first 

time in 2003.160 Nanoceria successfully protect neurons from free-radical-mediated 

damage initiated by UV light, H2O2, irradiation and excitotoxicity. 161Schubert et al.162 

reported protection from exogenous oxidants in a neuronal cell line (HT22) in the 

presence of nanoceria and yttrium oxide nanoparticles. Das and colleagues163 reported 

that nanoceria provides a significant neuroprotective effect on adult rat spinal cords 

against H2O2. D’Angelo et al. investigated the effects of nanoceria protection of 

neuronal cells against cell death induced by Alzheimer’s injury on an in vitro human 

AD model.164
  

The experimental approach of this thesis is based on the paper of Ciofani et al,165 

which reported the effects of incubation of PC12 neuron-like cells with increasing 

concentrations of a commercial nanoceria. No evidences of toxicity related to the 

nanoceria PC12 treatment were found; however, an increase of differentiation in terms 

of neurite length was observed. Evaluation of ROS production confirmed the anti-

oxidant properties of nanoceria also in these cells. Finally, the effects of nanoceria on 

dopamine production were studied, showing beneficial effects of nanoparticles in 

dopamine secretion. 
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1.6.2 Nanoceria in veterinary medicine 

The application of nanotechnology in veterinary medicine and in animal production is 

gaining importance in many areas, which includes imaging, drug delivery system and 

tissue engineering. Several formulations of nanoparticles are already available on the 

market and will be more and more accessible for the application in the veterinary 

medicine. Nanoparticles formulation in veterinary field allows significantly reducing 

the dose, compared to the free drug, enabling the use of human pharmaceuticals whose 

application has been previously precluded because of the cost of dosing. 

Nanoparticles approved for veterinary use (or in clinical trials) include emulsions, 

liposomes, polystyrene nanobeads, immune-stimulating complexes (ISCOMs) and 

inorganic particles.166  

At present, the use of nanoceria in veterinary medicine and especially in reproductive 

system is limited and only few studies have been published. Chaudhury et al.167 

reported the mechanisms of interactions and the biological effects between mouse 

oocytes and nanoceria. The results show that nanoceria, used at low concentration and 

entrapped in follicular cell endocytosis and zona pellucida, protect oocytes by 

decreasing oxidative stress and DNA damage. However, at high concentrations, the 

antioxidant effect is insufficient to prevent induction of oxidative stress leading to 

DNA damage. Moreover nanoceria can shows its pro-oxidative activity, inducing 

DNA damage, when oocytes are exposed in their earlier stages of maturation, with no 

or immature ZP and fewer follicular cells.  

Lacham-Kaplan et al.168 performed experiments on mice with experimentally induced 

endometriosis followed by treatment with nanoceria. The results prove that the 

treatment prevents or reduces the adverse effects of endometriosis-related quality of 

oocytes.  

Regarding to the nanoceria effects on male germs, Kobyliak et al. confirmed that the 

administration of citrate coated nanoceria leads to an increase of the sex hormone 

levels, sperm count, and quality, as well as the activation of spermatogenesis in 24-
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month-old male rats. These changes are related to the improvement of serum 

oxidative–antioxidative balance by cerium oxide nanoparticles. 

The study of the inorganic nanoparticles effects such as gold and silver in germ cells is 

more defused even if their potential effects have not been clearly demonstrated. Gold 

nanoparticles do not have any effect on porcine oocytes-cumulus complex (COC) and 

spermatozoa, while silver nanoparticles are detrimental for COCs but not for 

spermatozoa.169 Similarly, gold and silver nanoparticles do not affect vitality and 

motility parameters of human spermatozoa.170 On the contrary, bovine spermatozoa 

incubated with gold nanoparticles display alterations in the decondensation of 

chromatin171and exposure to silver leads to cytotoxicity and genotoxicity of testicular 

cells in the mouse.172 

It is clear that the ROS play an important role in the reproductive system. The next 

two sub-paragraphs will briefly explain the role of ROS in the development of oocyte 

and spermatozoa and the importance of neutralizing their overproduction to ensure 

proper embryo development. 

-ROS production in vitro maturation of oocytes 

The oxidative stress is involved in the aetiology of defective embryo development. 

The contribution of the ROS sources depends on the species, the stage of the 

development and the culture condition.  

ROS can be generated by endogenous enzymatic mechanisms involved in embryo 

metabolism such as oxidative phosphorylation, NADPH oxidase and xanthine oxidase 

and exogenous sources such as oxygen tension, presence of metallic ions, visible light, 

excess of glucose, amines oxidases and the freeze-thaw process, which are quite 

important for in vitro embryo maturation. The exogenous factors and culture 

conditions can enhance the production of oxidative stress, altering most type of 

cellular molecules and also inducing development of block and retardation.173 In fact, 

the ROS production increases during culture at atmospheric concentration, while, 

when the oxygen concentration is reduced, the embryo development is enhanced. 
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Furthermore, the aerobic conditions may alter the defence mechanism such as GSH 

against oxidative stress.  

The metallic cations (Fe and Cu e.g), which are often present in water or in chemical 

products used for culture media preparation, may have deleterious effect on oocyte 

development. It has been also shown that the exposure to the visible light can induce 

the ROS production with a consequent cellular damage such as oxidation of bases and 

DNA strand break.174 Furthermore, the freeze-thaw process in IVM makes cells more 

sensitive to ROS, in fact after cryopreservation has been observed the DNA instability 

in oocyte and reduction of GSH concentration and SOD activity in spermatozoa.175  

The proper oocyte in vitro maturation (IVM) depends largely on the presence of 

surrounding cumulus cells that rule nutritive and regulatory functions during this 

process. The in vitro culture results in higher oxygen concentrations than in vivo 

environments, leading to an increased level of reactive oxygen species (ROS) such as 

namely superoxide anion, hydrogen peroxide, and hydroxyl radical. The role of ROS 

in IVM and its influence on later embryonic development is controversial. ROS may 

participate in the meiotic arrest of the oocyte and they are a major cause of embryonic 

developmental arrest and cell death. Oxidative stress during meiotic maturation in 

vitro may induce chromosomal errors that prove undetectable in the living oocytes and 

whose developmental consequences may become manifest after fertilization.176  

The importance of protecting pre-implantation embryo from oxidative damage in vitro 

is being increasingly recognized. To optimise in vitro embryo production, oxidative 

stress must be controlled during the culture, the oocyte must be protected by reducing 

oxygen concentration in the gaseous environment and adding supplements to the 

culture medium. 
 

-ROS production in spermatozoa  

Over the recent years, the generation of reactive oxygen species (ROS) in sperm 

preparations became a real concern because of the toxic effects that they have at high 

concentrations on sperm functions, and their possible involvement in male idiopathic 

infertility.177 However, recent evidence strongly suggests that ROS are also needed for 
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the acquisition of fertilizing ability by spermatozoa and they are involved in 

capacitation and acrosome reaction. The balance between their production and 

inactivation by various scavengers is strongly controlled due to physiological 

conditions. Violation of this balance occurs with aging. ROS level is positively 

correlated with the proportion of sperm with amorphous heads, damaged acrosomes, 

midpiece defects, cytoplasmic droplets, and tail defects. Excessive ROS formation 

leads to peroxidation of phospholipids in the spermatozoa mitochondria and thus 

impairs their motility or can damage the sperm membrane and flagellum structure and 

disrupt morphology. Oxidative stress within a sperm results in protein or DNA 

damage that leads to a reduction in Leydig cells and synthesis of testosterone.178  

An important source of ROS is represented by the cooling, freezing, and thawing 

processes, which occurs in the artificial insemination (AI). Whereby the long term 

storage and preservation of animal semen remains a subject of interest. Freezing and 

thawing, two major steps in cryopreservation of spermatozoa, have major effects on 

cell structure and function, in fact, the freezing/thawing cycle causes damage to the 

plasma membrane reduces motility and fertilizing ability of spermatozoa and induces 

premature capacitation and nuclear decondensation Even in the presence of 

cryoprotectants such as glycerol, egg yolk, and milk, significant alterations take place 

including those of the mitochondria and the plasma membrane.179 

Very recently Kobyliak et al.178 reported the effect of nanoceria on a sperm of rat. 

They demonstrate that after 10-day of nanoceria administration, there is a significant 

decrease of lipid peroxidation products in serum and increase of catalase and SOD 

activity, associated with increase of sperm count and improvement in quantitative 

sperm parameters (motility, viability, and percentage of spermatozoa). The nanoceria 

is also able to increase number and activation of Leydig cells, and serum testosterone. 
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1.7.  Nanoceria in nanocomposite for biological application 

Development of new nanomaterials with metal nanoparticles (Ag, Au, Cu, Rh, Pd, Ce, 

etc.) deposited on surfaces, embedded within pores, or encapsulated in matrices, have 

gained much attention in material science because of the increasing applications of 

such nanocomposites in medical diagnostics, in biology, chemistry, etc. 

Very often, several types of inorganic nanoparticles are not suitable for medical use. 

To improve their biocompatibility is necessary to coat their surface and create a new 

nanocomposite material. The coating materials should be a natural polymer 

(carbohydrates, peptides), a synthetic polymer (PEG, PVA, PGA) or gold and silica, 

which are found to be no-toxic and relatively inert inside human body. Also, specific 

functionalities are normally tagged onto the surface of these coated nanoparticles in 

order to provide specific targeting towards certain tissues or cell types.  

One common example of nanocomposite materials for biological applications is the 

combination of Ag and Au nanoparticles with improved bactericide properties. Since 

that many bacteria are antibiotics resistant, it is therefore necessary to look for new 

bactericidal materials. Silver nanoparticles show a broad spectrum of antibacterial 

activity and are no toxic for human at low concentrations.180 When administered in 

large amount, the toxicity of Ag nanoparticles is increased and the biocompatibility is 

substantially lower than that of gold nanoparticles. To overcome this problem, the Ag 

nanoparticles can be deposited on the surface of highly dispersed silica (HDS) 

obtaining nanocomposite antimicrobial materials for medical and pharmaceutical 

application. Furthermore, recent advances in nanotechnologies are producing 

significant progress in the development of sensor systems based on nanocomposite 

materials. Construction of platforms for enzyme immobilization and signal detection 

involves progresses in nanotechnologies and nanomaterials, including the 

development of nanofibers, nanotubes, nanoparticles, polymeric films and membranes. 

Several materials can be used as a matrix of the nanocomposite systems: polymer and 
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carbon nanotubes, clays, surfactants, ion liquids etc. For example Hemin†containing 

Fe (III) has been inserted into a matrix made of carbon nanotubes and Nafion. The 

obtained nanocomposite exhibits catalytic activity towards typical hemoprotein 

substrates, hydrogen peroxide, nitrite ion or oxygen.181  

In this thesis, the experimental work has been focused on the development of 

nanoceria-based nanocomposites whose properties has been designed for two specific 

applications: mesoporous nanocomposite layer for the improvement of Petri dishes 

performances, and nanocomposite surfaces for the controlled release of ceria 

nanoparticles from contact lenses. The background for these two applications is briefly 

described in the following paragraphs. 

 

1.7.1. Petri dishes and ROS production 

Polystyrene Petri dishes are in use in hundreds of thousands of laboratories worldwide. 

The glass and polystyrene version were introduced by Petri (1887)182 and Fisk 

(1956),183 respectively. Test of novel pharmaceutical and biomaterials are performed 

on a polystyrene Petri dishes providing fundamental information in a wide range of 

biomedical applications.  

Very recently Sommer et al.184 reported a critical deficiency of polystyrene Petri 

dishes that can affect cells culture. They quantify the performance of three types of 

cells, P19 (mouse embryonal carcinoma cells), L929 (murine fibrosarcoma cells) and 

HeLa (human cervical cancer cells) by testing their ability to climb and adhere to the 

vertical wall of the dishes. In order to compare the data obtained with polystyrene 

surface, they used different biocompatible materials, such as glass, silicon and 

nanocrystalline diamond. The results have been proved the lowest performance of 

cells on polystyrene surface. The cell's inability to climb the wall of Petri dishes has 

been ascribed to the superficial softening and swelling of the polymer. This should be 

a consequence of water incorporation into the polystyrene dishes with establishment of 

                                                            
†  Hemin is a small molecule present either free or bound to hemoglobin in the 
bloodstream of mammals. 



62 

Dott.ssa Alessandra Pinna 
Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 
Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 
Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

 

a stable nanoscopic interfacial layer of hydroxide ions (OH−), which corresponds to a 

local raise in interfacial pH and is equivalent with an immobilized layer of Reactive 

Oxygen Species (ROS). The hydroxide ions are supposed to be anchored to 

hydronium ions (H3O
+), which are prevalent in water due to natural dissociation, and 

are predominantly attracted into the polymer matrix by the negatively charged groups 

injected into its molecular structure for hydrophilization. The dimension of the 

variation in surface softening is at the nanoscale. The elasticity and the hardness of the 

surface dishes are very important since that they can affect the cell behaviour. Indeed 

cells tend to migrate towards increasing substrate stiffness showing the existence of 

sensing receptor of elasticity and hardness. 

Another experiment was carried out by Sommer's group in order to confirm the 

softening and swelling of the polymer in Petri dishes. The sperm extract from human 

semen was cultured in standard in vitro fertilization (IVF) medium in four types of 

dishes. One of these was a standard lab dish made of hard polystyrene, while the other 

three were made of a purified glass (untreated, sandblasted and coated with a layer of 

synthetic diamond 1 micrometre thick, smooth and coated with the nanodiamond 

layer). After 42 hours of incubation, the percentage of sperm cells that still alive was 

less in polystyrene Petri dishes. The production of ROS from the polymer interaction 

with medium could affect the sperm viability and then explaining why IVF sometimes 

does not work in the way that it is expected. 

In this thesis the possibility to combine a new matrix, with improved mechanical 

property, and nanoceria as radical scavenger has been studied. The new 

nanocomposites are expected to increase the performance of Petri dishes in a cell 

culture procedure with positive effects in cells viability. 
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1.7.2. Drug release by contact lenses 

Most of the therapies for the treatment of ocular disease involve the use of drop to 

deliver the drug, which represent the 90% of ophthalmic formulation. This topical 

delivery system has the major advantage to minimize the side effects related to the 

systemic administration, since the drug can be precisely delivered, avoiding 

undesirable drug interactions. However, in ophthalmic formulation the drug resides for 

a short time in the cornea, due to its rapid clearance and the dilutive effect of tears. 

Moreover, the 50-100% of the applied droplets is drained through the nasolacrimal 

duct with a consequent absorption of the drug in the gastrointestinal tract. 

Consequently, the drugs have a very low bioavailability. Furthermore, non compliance 

and therapeutic failure of treatments with eye drops appear to be most significantly 

related to the geriatric population with inability to correctly instil the drops in the 

eye.185 

To overcome these limitations, a drug delivery system based on contact lenses (CLs) 

has been proposed. The potential use of soft CLs as drug delivery platform through 

diffusion mechanisms has been introduced in 1965 by Wichterle.186 In the same year 

Sedlacek 187used hydrogel lenses to load and release homatrope, indicating that the 

drug release from CLs could potentially be more effective than topical eye drop 

administration. The CLs can be classified in two groups: rigid, mainly consisting of 

poly(methylmethacrylate) (PMMA) and soft (gelatinous), consisting mainly of 

polymers of hydroxyethyl methacrylate (pHEMA).188 The FDA also classifies them as 

hydrophilic (adopting the suffix -filcon) or hydrophobic (adopting the suffix -

focon).189 

Therapeutic CLs consist of soft lenses formed by pHEMA polymeric matrices with or 

without silicone, impregnated with drugs through various techniques: soaking in a 

solution with the drug, molecular imprinting and loading with colloidal particles ion 

ligands or microemulsion gels.190
 Examples of drug-loaded CLs are: econazole 

(antifugal)191, cyclosporin A (dry eye)192, dexametasone (ocular inflammation)193, 

timolol (glaucoma)194 and ketotifen by Vistakon/Johnson&Johnson (allergic 



64 

Dott.ssa Alessandra Pinna 
Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 
Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 
Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

 

cinjunctivitis). 195 Colloidal nanoparticles, for example, are sub-micron-sized particles 

dispersed into the contact lens matrix. The particles are usually made of lipid spheres 

(liposomes) or colloidal gold and silver196. Once the lenses are placed on the eye, the 

nanoparticles diffuse from the contact lens to the tear film.  

The material used for the contact lenses has to meet specific requirements such as a 

balance between good wettability and permeability, and sufficient scratch resistance 

and flexibility. Conventional silicone materials do not meet these requirements 

because they are hydrophobic, but a silicon-like unit, containing a –Si–CH2–CH2– 

group favor oxygen diffusion, while the presence of CH2OH groups can be suitable for 

hydrophilicity.  

Philipp et al.197 prepared a new material for CLs based on Si- and Ti alkoxide by sol-

gel process. Ti(OR)4 has been added as a condensation catalyst to Si- source to  

improve the mechanical properties and to decrease shrinkage of the obtained materials. 

This resulted in dense, but unfortunately brittle materials, which were not machinable 

for lenses. Therefore, MEMO (RO)3–Si(CH2)n–O–CO–CH(CH3)QCH2 was 

introduced with hydroxy ethyl methacrylate HEMA to generate a flexible 

polymethacrylate based substructure via thermal polymerization. HEMA instead of 

MMA was selected to maintain good wettability and retain the mechanical integrity. 

The resulting hybrid materials exhibited balance of all the required properties. 

Glycidopropyltrimethoxysilane (GPTMS) is also a good candidate for CLs, since its 

pre-hydrolyzation allows obtaining hydrophilic diol units, generated by a controlled 

epoxide ring opening. In this doctoral work, nanoceria-loaded GPTMS films have 

been studied as a nanocomposite device to treat degenerative ocular disease. 
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2 Characterization techniques 

The antioxidant property of nanoceria is strictly correlated to the nanoparticles size, 

crystalline structure and the environment which is in contact. The different interactions 

of nanoceria with cells and inorganic matrix, developed in this thesis, need a detailed 

investigation with several characterizations, ranging from spectroscopic to 

microscopic techniques. This chapter, which is divided in three main parts 

(spectroscopic, microscopic and other techniques), provides the fundamentals of the 

characterization techniques used in the experimental part.  Using a multi-technique 

approach, different features of the materials such as morphology, composition, 

presence of specific bonding, fate of nanoparticles into the cells and cells viability 

have been detected.  

Fourier-transform infrared spectroscopy (FTIR) is always utilized in order to provide 

information on the presence of specific chemical species and bindings within the film 

and the nanoparticles. A powerful technique for investigating the structure of 

nanoparticles and the mesoporous materials is the X-ray diffraction spectroscopy 

(XRD), which provides information related to the crystalline or amorphous structure 

and also the dimension of the crystallite which in our cases correspond to the 

nanoparticles dimension. In association with XRD, transmission electron microscopy 

(TEM), gives direct images of the mesostructure of the films and the nanoparticles 

distribution in the matrix with nanometric resolution. This last technique, together 

with Raman and confocal microscopy has been also employed to study the fate and the 

distribution of nanoceria inside the cells in order to understand its localization in a 

different cellular compartment and its antioxidant effect. Other techniques, such as 

dynamic light scattering (DLS) and atomic force microscopy (AFM) have been used to 

the investigation of nanoparticles aggregation in solution and in matrix respectively. 



  78 

Dott.ssa Alessandra Pinna 
Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 
Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 
Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

     

 

2.1 Spectroscopic techniques 

The spectroscopy studies the absorption and the emission of the light and the other 

radiation by the matter covering a sizable fraction of the electromagnetic spectrum. Its 

processes are dependent by wavelength of the radiation. Spectroscopic techniques are 

extremely sensitive and non destructive and widely used to detect molecules, to 

measure the concentration of a species in solution, and to determine molecular 

structure. In the following paragraph FTIR, UV-vis, XRD, SAX, Raman and 

Ellipsometry spectroscopy have been described. 

 

2.1.1  Fourier transform infrared (FTIR) 

Infrared spectroscopy allows studying of any sample in any physical state. The main 

goal of IR spectroscopic analysis is to determine the chemical functional groups in the 

compounds by exploiting the IR radiation interaction with the matter. The infrared 

portion of the electromagnetic spectrum ranges from 12800 to 10 cm-1and it is divided 

into three regions: the near-, mid- and far- infrared, named for their relation to the 

visible spectrum. The far-infrared, (400–10 cm-1) lying adjacent to the microwave 

region, has low energy and may be used for rotational spectroscopy. The mid-IR 

region (4000–400 cm-1) may be used to study the fundamental vibrations and 

associated rotational-vibrational structure. The higher energy near-IR (14000–4000 

cm-1) can excite overtone or harmonic vibrations. 

This technique is based on the vibrations of the atoms of a molecule. The essential 

component of optical hardware in a FTIR spectrometer is the interferometer. This 

component simultaneously allows source radiation of all wavelengths to reach the 

detector. In Fig. 2.1 is reported how the interferometer works: radiation from the 

source is focused on a beam splitter that transmits half of the radiation to a fixed 

mirror, while reflecting the other half to a movable mirror. The radiation recombines 

at the beam splitter, where constructive and destructive interference determines, for 

each wavelength, the intensity of light reaching the detector. As the moving mirror 
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changes position, the wavelengths experiencing maximum constructive interference 

and maximum destructive interference also change. The signal at the detector, called 

interferogram, shows intensity as a function of the moving mirror position, expressed 

in units of distance or time. The interferogram is mathematically converted, by a 

process called a Fourier transform, to the normal spectrum (also called a frequency 

domain spectrum) of intensity as a function of the radiation energy. 

Each band in an infrared spectrum can be assigned to a particular deformation of the 

molecule, the movement of a group of atoms, or the bending or stretching of a 

particular bond, however many vibrations may vary by hundreds of wavenumbers 

even for similar molecules. The mid-infrared spectrum is the range taken into account 

to characterize the materials engineered in this thesis. It shows the bands related to X-

H stretching like O-H, C-H and N-H stretching; the triple-bond, the double-bond and 

the fingerprint.  

 

Fig.2.1Block diagram of an interferometer.  
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The instrument used for the experimental part of this thesis is a Bruker infrared 

microscope Hyperion 2000 coupled with Vertex 70 interferometer and optimized for 

mid-ir (4000-400 cm-1) measurements.  

 

2.1.2  Uv-visible (Uv-vis) 

Ultraviolet-Visible (UV-Vis) spectroscopy is a standard and cheap technique to 

characterize the absorption properties of solid and liquid samples. In typical UV-Vis 

absorption spectra, the absorbance is reported as a function of the wavelength 

transmitted through the sample as it is shown in the equation (Equ. 2.1).  

 

 
 

Equ.2.1 
 

A block scheme of a double beam spectrometer is shown in Fig.2.2.1 Double-beam 

instruments are more versatile than single-beam instruments, being useful for both 

quantitative and qualitative analyses. A chopper, similar to that shown in the figure, 

controls the radiation path, alternating it between the sample, the blank, and a shutter. 

The signal processor uses the chopper’s known speed of rotation to resolve whether 

the signal reaching the detector is coming to the transmission of the blank (P0) or the 

sample (PT). By including an opaque surface as a shutter it is also possible to 

continuously adjust the 0% transmittance response of the detector. The effective 

bandwidth of a double-beam spectrophotometer is controlled by means of adjustable 

slits at the entrance and exit of the monochromator. Effective bandwidths of between 

0.2 nm and 3.0 nm are common. In this doctoral work, UV-grade fused silica slides 

have been used as the substrate to perform UV-Vis spectroscopy (Nicolet Evolution 

300 UV−vis spectrophotometer working in intelliscan mode) on hybrid organic-

inorganic films and quartz cuvettes as sample holder for nanoparticles solution.  
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Fig.2.2 Block diagram of a double-beam scanning spectrophotometer.  

 

2.1.3  X-ray based techniques (XRD and SAXS) 

X-ray diffraction (XRD) is a wide used techniques to perform structural 

characterisation of solid materials. When a beam of X-rays interacts with an arbitrary 

material its atoms may scatter the rays into all possible directions. In a crystalline 

solid, however, the atoms are arranged in a periodic array, the scattered waves add up 

and give constructive and destructive interference, and their intensity is recorded by a 

detector as a function of the exit angle which results in a characteristic diffraction 

pattern.  

A visual way to rationalise X-ray diffraction by an ordered crystal lattice is provided 

by the so called Bragg’s interpretation (Fig.2.3). In the Bragg description, X-ray 

diffraction (XRD) is yield by the constructive interference of waves scattered from 

successive lattice planes in the crystal. When an incident beam of wave vector k hits 

on a set of lattice planes to form an angle θ with respect to the planes, the angle of 

deviation between the outgoing and incident rays is ϕ = 2θ. The separation between 

neighboring planes is denoted by d. The Bragg condition is given by 2d sinθ= nλ. 

Constructive interference between successive paths occurs when the path difference 

equals an integer number of wavelengths. 
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The instrument used for the experimental part of this thesis is a Bruker D8-Discover 

diffractometer equipped with a Goebel mirror giving a parallel beam. The XRD 

patterns can be acquired by a scintillator counter or a PSD detector. This technique has 

been used in this thesis to characterize the crystalline structure of films and 

nanoparticles. 

 

Fig.2.3 Schematic representation of the Bragg’s diffraction.  

 

In a Small Angle X-ray Scattering (SAXS) technique, incident X-rays of wavelength 

~1 Å give diffraction at 2θ angles in the range 0.1– 1°, which is suitable to study the 

mesostructure size of the materials synthesized in this work. The interaction of X-ray 

radiation with mesostructured and mesoporous materials provides diffraction and 

information on the symmetry of the ordered mesophase. The “small-angle” refers to 

the angular range of the scattered beams, containing information on the structure in the 

reciprocal space in the nanometre range. SAXS on mesostructured materials is often 

performed at synchrotron facilities. 

A few aspects of synchrotron radiation, such as very small beam divergence, high 

beam flux, and in some cases energy tuning, have made small angle scattering very 

effective for the studies of mesostructure film. It is crucial to have small beam 
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divergence in order to isolate weak scattering at very small angles from the direct 

beam which is orders of magnitude stronger. The flux of a synchrotron source is 

usually several orders of magnitude higher than those from conventional X-ray 

sources; therefore a diffraction pattern can be acquired in short times, typically on the 

order of 500 ms.  

The SAXS experiments on mesoporous films presented in this doctoral work were 

conducted at the Austrian beamline at the ELETTRA synchrotron in Trieste.2 The 

beamline has the 57-pole NdFeB hybrid wiggler as the photon source. The wiggler 

delivers a very intense radiation between 4 and 25 keV, of which three discrete 

energies (5.4, 8 and 16 keV) can be selected by a flat double crystal (111 Si) 

monochromator in optics hutch 1 and focused by a double focusing toroidal mirror in 

optics hutch 2 (Fig.2.4).  The entire beamline is controlled via a software interface 

developed with LabView programme. The optical table in the experimental hutch 

allows optimisation of the sample-to-detector distance with respect to SAXS 

resolution and sample size setup. A two-dimensional CCD detector (Photonic Science, 

UK) is used for data acquisition. Before starting a measurement session, the sample-

to-detector distance is adjusted in order to ensure that the diffracted beams were well 

separated from the direct beam, and a sufficiently large area of the reciprocal space be 

sampled by the CCD detector. The beam stopper has to be correctly positioned for 

preventing the direct beam from hitting the detector, as this may cause irreversible 

damage to the CCD array. 

 

Fig.2.4 Scheme of the Austrian SAXS beamline at ELETTRA. 

 



  84 

Dott.ssa Alessandra Pinna 
Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 
Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 
Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

     

 

In a typical SAXS analysis, the sample is placed on the sample holder, which can be 

rotated via a servo motor from the control room, so that the angle of incidence can be 

varied. Silver behenate powder standard (CH3(CH2)20COOAg, d-spacing = 58.38 Å) 

has been used as diffraction standards, which provide a tool to determine accurately 

the beam centre position and the sample-to-detector distance. Diffraction patterns are 

acquired using the CCD detector provided with a software-triggered fast shutter 

positioned upstream. The incidence angle of radiation can influence the diffraction 

pattern of a mesostructured film. In fact there are essentially two configurations used 

in the acquisition of SAXS patterns of mesostructured films: the angle of incidence of 

the X-ray beam impinging on the sample may be set to either small angle (slightly 

above the critical angle, i.e. 0.2–0.3°) or perpendicular to the film surface (90°). These 

two configurations are referred to as grazing and transmission incidence, respectively, 

and yield information on the out-of-plane and in-plane mesostructure order. When the 

sample is in grazing incidence (grazing incidence SAXS, or GISAXS) the detector 

acquires out-of-plane reflections that are not accessible by transmission mode, 

whereas in transmission mode in-plane reflections are sampled which cannot be 

recorded in grazing incidence. Due to the lack of global in-plane order, the reciprocal 

lattice is a collection of concentric rings, centred on the axis perpendicular to the 

substrate. These rings can be thought as the infinite replication of the spots around the 

axis perpendicular to the substrate and intersecting the origin. Diffraction patterns can 

be stored in 12-bit TIFF files which can readily manipulated with proper software. 

During this doctoral work Fit2d7 programme, which includes important image 

analysis tools such as intensity scaling, one-click d-spacing calculation, 1-d 

integration, calibration and correction for detector distortions, has been used for both 

interactive and batch data processing. 
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2.1.4  Raman 

The photons of monochromatic light interact with molecules producing two types of 

scattering, elastic (Rayleigh scattering) and inelastic (Raman effect). In the Rayleigh 

scattering the frequency of emitted photon has the same wavelength as the absorbing 

photon, while in Raman scattering the energies of the incident and scattered photons 

are different. Raman spectroscopy in fact is based on inelastic scattering of 

monochromatic light, usually from a laser source. Photons of the laser light are 

absorbed by the sample and then reemitted. Frequency of the reemitted photons is 

shifted up or down in comparison with original monochromatic frequency, which is 

called the Raman effect. This shift provides information about vibrational, rotational 

and other low frequency transitions in molecules. The Raman effect comprises a very 

small fraction, about 1 in 107, of the incident photons. It is based on molecular 

deformations in electric field E determined by molecular polarizability α. The laser 

beam can be considered as an oscillating electromagnetic wave with electrical vector 

E. Upon interaction with the sample it induces electric dipole moment P = αE which 

deforms molecules. Because of periodical deformation, molecules start vibrating with 

characteristic frequency νm. Amplitude of vibration is called a nuclear displacement. In 

other words, monochromatic laser light with frequency ν0 excites molecules and 

transforms them into oscillating dipoles. Such oscillating dipoles emit light of three 

different frequencies (Fig.2.5) when: 

1. A molecule with no Raman-active modes absorbs a photon with the frequency ν0. 

The excited molecule returns back to the same basic vibrational state and emits light 

with the same frequency ν0 as an excitation source. This type if interaction is called an 

elastic Rayleigh scattering. 

2. A photon with frequency ν0 is absorbed by Raman-active molecule which at the 

time of interaction is in the basic vibrational state. Part of the photon’s energy is 

transferred to the Raman-active mode with frequency υm and the resulting frequency 
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of scattered light is reduced to ν0 - νm. This Raman frequency is called Stokes 

frequency, or just “Stokes”. 

3. A photon with frequency ν0 is absorbed by a Raman-active molecule, which, at the 

time of interaction, is already in the excited vibrational state. Excessive energy of 

excited Raman-active mode is released, molecule returns to the basic vibrational state 

and the resulting frequency of scattered light goes up to ν0 + νm. This Raman 

frequency is called Anti- Stokes frequency, or just “Anti-Stokes”.3 

 

 
Fig.2.5 Raman transitional scheme

3
 

 

Raman spectroscopy can be used to study solid, liquid and gaseous samples. In this 

thesis a Bruker Senterra confocal Raman microscope working with a three lasers 

excitation wavelength of 532, 633 and 785 nm has been employed to confirm the 

presence of nanoparticles in the films matrix and monitor the uptake into the cells. 

A Raman system typically consists of four major components: excitation source 

(Laser), sample illumination system and light collection optics, wavelength selector 

(Filter or Spectrophotometer) and detector (Photodiode array, CCD or PMT). 
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Fig.2.6 Scheme of the process involved in collecting Raman spectra.
4
 

 

In a Raman spectrometer (Fig.2.6) the sample is illuminated with a laser beam in the 

ultraviolet (UV), visible (Vis) or near infrared (NIR) range. Scattered light is collected 

with a lens and is sent through interference filter or spectrophotometer to obtain 

Raman spectrum of a sample. 

 

2.1.5  Ellipsometry 

Ellipsometry is a non-invasive optical technique based on analysis of elliptical 

polarization. It is used to determine the properties of thin films (particularly the 

thickness and refractive index) on dielectric or metal surfaces. This technique uses the 

change in polarization of light upon reflection from a material to determine the real 

part (refractive index), n(λ) and the imaginary part (extinction coefficient), k(λ) of the 

complex refractive index, of a material, N(λ) = (n(λ)+ik(λ)) where λ is the wavelength 

of the electromagnetic radiation. Linearly polarized light is generally elliptical 

polarized upon reflection with asymmetric intensity difference (tan ψ) and phase 

difference (Δ). The ellipticity, or ratio of minor to major axis of the ellipse, and the 
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orientation of the reflected beam is determined by the relative phase difference Δ and 

azimuth ψ (Fig. 2.7). 

These values are measured using ellipsometry. The ellipticity of the reflected light 

depends on the optical constants of the thin film and its thickness. Physical 

informations about the sample such as film refractive index and thickness are extracted 

by fitting the spectra to a physical model. The model is built up based on the available 

information and knowledge of the porous film structure and components of the sample 

to predict the optical response of the sample to the incident polarized light. For porous 

thin films usually refractive index, film thickness, porosity and other fit parameters are 

to be determined. For the sol-gel films studied in this work, the optical model used in 

the fitting of ellipsometric data consists of one or two layers on substrate. Native SiO2 

layer on Si substrate and porous film layer on top or just porous film layers on 

substrate. The instrument used for the characterizations of this thesis is an R-

SEWollam spectroscopic ellipsometer. The ellipsometric spectra analysis is done 

using CompleteEASE 4.06 software assuming a Cauchy film as fitting model which 

calculates the refractive index as a function of the wavelength: n(λ) = A + B/λ2 + C/λ4. 

 

 

Fig.2.7 Scheme of ellipsometry principle. 
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2.2 Microscopic techniques 

Microscopic techniques are based on a use of an apparatus which is designed to 

produce magnified visual or photographic images of small objects. The microscope 

should reproduce a magnified image of the specimen, separate the details in the image, 

and make the details visible to the human eye or camera. Here we will describe the 

details for of optical, electronic and atomic microscopy. 

 

2.2.1  Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) allows characterizing the morphology and 

composition of materials ranging from inorganic or organic-inorganic films until 

biological materials such as cells. It is a non-destructive and one of the most versatile 

techniques. The main advantages of SEM are the high lateral resolution (1–10 nm), 

large depth of focus (typically 100 mm at x1000 magnification), and the numerous 

types of electron– specimen interaction that can be used for imaging or chemical 

analysis purposes. In contrast to transmission electron microscopy sample preparation 

is not elaborate. All of these advantages, as well as the actual strikingly clear images, 

make the scanning electron microscope one of the most useful instruments in research 

today. 

The scanning electron microscope (Fig.2.8) consists of an electron–optical column 

mounted on a vacuum chamber where a beam of electrons is produced by an electron 

gun; electron gun is placed on top of this column. The pressure in the specimen 

chamber is 10-3- 10-5 Pa. The electron beam follows a vertical path through the 

microscope, which is held within a vacuum. The beam travels through electromagnetic 

fields and lenses, which focus the beam down toward the sample. Once the beam hits 

the sample, electrons and X-rays are ejected from the sample. Detectors collect these 

X-rays, backscattered electrons, and secondary electrons and convert them into a 

signal that is sent to a screen producing the final image.  
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During this doctoral work the SEM images have been obtained in collaboration with 

Salvatore Marceddu (Institute of Sciences of Food Production (ISPA), CNR, Sassari, 

Italy) by using a Zeiss EVOLS10 environmental scanning electron microscopy 

(ESEM), in high vacuum modality with secondary electron detector. The analyses 

were performed on samples previously coated with gold in an Edwards S150A Sputter 

unit.  

Because the SEM utilizes vacuum conditions, the pressure inside specimen chamber is 

much lower than the saturation vapour pressure of water and it uses electrons to form 

an image, special preparations must be done to the sample. All water must be removed 

from the samples because the water would vaporize in the vacuum. All metals are 

conductive and require no preparation before being used. All non-metals need to be 

made conductive by covering the sample with a thin layer of conductive material. This 

is done by using a device called a "sputter coater." 

The sputter coater uses an electric field and argon gas. The sample is placed in a small 

chamber that is at a vacuum. Argon gas and an electric field cause an electron to be 

removed from the argon, making the atoms positively charged. The argon ions then 

become attracted to a negatively charged gold foil. The argon ions knock gold atoms 

from the surface of the gold foil. These gold atoms fall and settle onto the surface of 

the sample producing a thin gold coating. 
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Fig.2.8 Scheme of a typical SEM microscope.
5
 

The topographic contrast observed in most SE micrographs gives these images a clear 

3D appearance Fig.2.9. The observed contrast is mainly due to three effects:6 

1) tilt contrast: the SE yield, δ, depends on the local tilt angle of the surface θ. For 

voltages 45 kV the dependence of δ on local tilt angle, θ, is given approximately by: 

δ(θ) = δ0 /cos(θ) where δ0 is the SE coefficient at 0° tilt. At low voltages, when the 

distance travelled by the beam electrons within the solid becomes comparable with the 

mean escape depth, λ of the SEs, this surface tilt contrast is greatly reduced; 

2) shadow contrast: this is the shadowing of the SE signal due to holes or protrusions. 

The amount of shadowing depends on the presence of electrostatic and magnetic 

extraction fields on the surface;  

3) edge effect contrast: this is due to SEs that penetrate through the edges of structures. 

This contrast is observed in most micrographs as white edges extending distance of the 

order of the electron range. Therefore, the width and magnitude of the observed edge 
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contrast depend on the beam energy and are greatly reduced at low voltages. This 

effect is most disturbing when the spatial variation of the background due to the edge 

effect is comparable with the size of the surface structures to be examined. At high 

voltages this situation occurs at medium magnifications. Low voltages are therefore 

preferred when observing cross-sections or details on small topographic structures, 

such as patterns on integrated circuits. 

 

 

Fig.2.9 SEM picture of Iron nanoparticles dispersed in a MILL88A metal-organic-framework 

cristals. 

2.2.2  Transmission electron microscopy (TEM) 

TEM is a versatile technique used to characterize the details of the internal structure of 

micro- and nanostructure materials. The electron microscope configuration is shown in 

Fig.2.10; Electrons are accelerated by a tungsten filament or a LaB6 crystal through an 

evacuated column (vacuum 10-7 Torr) containing an assembly of condenser, objective 

and projector lenses.7 The interaction of the electron beam with the sample the 

incident electromagnetic wave impinges on the grating object and is diffracted. The 

diffraction pattern is then reconverted into a real image in the image plane by the 

objective lens through an inverse Fourier transform. The intermediate lens then 
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produces a second intermediate image which is magnified at the viewing screen by the 

final projector lens. Because electrons are used, electrostatic lenses are employed to 

deflect the electron trajectory. The resolution of the image depends on the number of 

grating orders that are transmitted through the optical system.  

 

 

Fig.2.10Scheme of a typical TEM microscope. 

 

If an objective aperture intercepts all the diffracted beams and allows only the direct 

beam to pass, deficiency contrast occurs and a bright field image is formed. 

Alternatively, the objective aperture can be used to select a single diffracted beam to 

produce a dark field image. 

TEM measurements of the samples produced in this thesis have been obtained through 

collaboration with Dr. Maria Francesca Casula at Chemical Department in University 

of Cagliari. A Transmission Electron Microscope Jeol 200CX equipped with a 
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tungsten cathode operating at 200 kV has been used. Sample preparations have been 

done by scratching a film from its silicon substrate and disperse the fragments in an 

organic solvent.  

 

2.2.3  Atomic force microscopy (AFM)�

Scanning probe atomic techniques represent a class of microscopy techniques which 

uses the interaction between a sharp tip and a surface to obtain a high-resolution and 

high-magnification images. The sharp tip is scanned back-and-forth over a specimen 

to be examined. In particular, atomic force microscopy (AFM) uses a force sensing 

probe to track sample topography. The working principle is the measurement of the 

interactive force between a tip and the sample surface using special probes made by an 

elastic cantilever with a sharp tip on the end. The force applied to the tip by the 

surface, results in bending of the cantilever.8 

There are three modes used to perform AFM imaging: contact mode, tapping mode 

and force modulation mode. In contact mode, the tip touches the sample but it can lead 

to sample damage from the dragging tip on soft materials. Tapping (or semi-contact) 

mode avoids this drawback: the tip is oscillated and only touches intermittently, so that 

dragging during scanning is minimized. Non-contact mode is where the tip feels only 

the attractive forces with the surface, and causes no damage. It is technically more 

difficult to implement since these forces are weak compared with contact forces. In 

non-contact mode at larger tip-surface separation, the imaging resolution is poor, and 

the technique not often used. However, at small separation, true atomic resolution can 

be achieved in non-contact mode AFM. 

Acquisition of an AFM surface topography may be done by recording the small 

deflections of the elastic cantilever. For this purpose optical methods are widely used 

in atomic force microscopy. The optical system is aligned so that the beam emitted by 

a diode-laser is focused on the cantilever, and the reflected beam hits the center of a 
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photodetector. Four-section split photodiodes are used as position-sensitive 

photodetectors. 

Atomic force microscopy measurements have been performed by a NT-MDT Ntegra 

AFM in semi-contact mode on a nanocomposite film. 

 

  2.2.4 Confocal microscopy�

Confocal microscopy was invented in 1955 by Marvin Minsky during his postdoctoral 

at Harvard, who was trying to see the interconnections between neuronal cells. 

Compared to the conventional optical microscopy, the confocal microscopy is able to 

control depth of field, eliminate or reduce background information away from the 

focal plane (that leads to image degradation), and capable to collect serial optical 

sections from thick specimens.9 The basic key to the confocal approach is the use of 

spatial filtering techniques to eliminate out-of-focus light or glare in specimens whose 

thickness exceeds the immediate plane of focus. In the Fig.2.11 are reported a series of 

images that compare the traditional (a,b,c) with the confocal (d,e,f) microscopy. Is it is 

clear that the images of stained human medulla captured by confocal microscopy show 

significant degree of structural detail. 
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Fig.2.11 Stained human medulla images comparison of a)b)c) traditional and d)e)f)laser scanning 

confocal fluorescence microscopy.
10 

 

A major application is in optical sectioning, a process similar to using a microtome to 

obtain slices except that it is done optically. The procedure is to start at the top of the 

cell, take an image, move the microscope stage (cell) up one step, take another image, 

and so on, until the entire cell has been imaged. The resulting “stack” of images can be 

computer processed to reconstruct the object in three dimensions. 

In Fig.2.12 is shown the confocal configuration and principle in epi-fluorescence laser 

scanning microscopy. Confocal microscopy is made of multiple laser excitation 

sources, a scan head with optical and electronic components, electronic detectors 

(usually photomultipliers), and a computer for acquisition, processing, analysis, and 

display of images. 

Coherent light emitted by the excitation source passes through a pinhole aperture that 

is situated in a conjugate plane (confocal) with a scanning point on the specimen and a 

second pinhole aperture positioned in front of the detector. As the laser is reflected by 

a dichromatic mirror and scanned across the specimen in a defined focal plane, 

secondary fluorescence emitted from points on the specimen (in the same focal plane) 
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passes back through the dichromatic mirror and is focused as a confocal point at the 

detector pinhole aperture. 

The significant amount of fluorescence emission that occurs at points above and below 

the objective focal plane is not confocal with the pinhole (termed Out-of-Focus Light 

Rays in Figure 2.12) and forms extended Airy disks in the aperture plane. Because 

only a small fraction of the out-of-focus fluorescence emission is delivered through the 

pinhole aperture, most of this extraneous light is not detected by the photomultiplier 

and does not contribute to the resulting image. Refocusing the objective in a confocal 

microscope shifts the excitation and emission points on a specimen to a new plane that 

becomes confocal with the pinhole apertures of the light source and detector.10 

 

 

 

Fig.2.12 Configuration of confocal microscope.
10 
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In this thesis, the confocal characterization have been performed to study the fate of 

nanoceria into the cells in collaboration with Dr.ssa Grazia Galleri at Department of 

Clinical and Experimental Medicine, University of Sassari. The samples have been 

observed with a Leica Microscope, equipped with a Leica Confocal Laser System C2s.  

 

2.3 Other techniques 

2.3.1  Flow Cytometry 

Flow cytometry is based on fluorescence measurement of multiple physical 

characteristics (optical and fluorescence) of a single cell (size and internal 

complexity), as the cell flows in suspension through a measuring device. In addition, it 

is also possible to measure extrinsic features such as specific protein expression and 

nucleic acid content using added reagents, such as fluorescent stains and antibodies. 

When labeled cells are passed by a light source, usually laser light, the fluorescent 

molecules are excited to a higher energy state. Upon returning to their resting states, 

the fluorochromes emit light energy at higher wavelengths. The use of multiple 

fluorochromes, each with similar excitation wavelengths and different emission 

wavelengths (or “colors”), allows several cell properties to be measured 

simultaneously. 

Commonly used dyes include propidium iodide, phycoerythrin, and fluorescein.  

A schematic diagram of the fluidic and optical components of a flow cytometer is 

shown in Fig.2.13. Inside a flow cytometer, cells in suspension are drawn into a stream 

created by a surrounding sheath of isotonic fluid that creates laminar flow, allowing 

the cells to pass individually through an interrogation point. At the interrogation point, 

a beam of monochromatic light intersects the cells. Emitted light is given off in all 

directions and is collected via optics that direct the light to a series of filters and 

dichroic mirrors that isolate particular wavelength bands. The light signals are detected 

by photomultiplier tubes and digitized for computer analysis. The resulting 

information usually is displayed in histogram or two dimensional dot-plot formats.11 
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Fig.2.13 Schema of a flow cytometer. A single cell suspension is hydrodynamically focused with 

sheath fluid to intersect an argon-ion laser. Signals are collected by a forward angle light scatter 

detector, a sidescatter detector (1), and multiple fluorescence emission detectors (2–4). The signals 

are amplified and converted to digital form for analysis and display on a computer screen.
11

 

 

The sample preparation requires to suspend the samples in a liquid. After a single-cell 

suspension is obtained, the cells are stained with dyes that bind to the specific features 

that are to be measured.12 

In this doctoral work the cells containing nanoceria have been analyzed in 

collaboration with Dr.ssa Grazia Galleri at Department of Clinical and Experimental 

Medicine, University of Sassari by using FACS Calibur flow Cytometer (Becton 

Dickinson, FACScalibur™, USA). 

 

 

 



  100 

Dott.ssa Alessandra Pinna 
Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 
Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 
Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

     

 

2.3.2  Dynamic light scattering (DLS) 

Dynamic light scattering also known as Photon Correlation Spectroscopy or Quasi-

Elastic Light Scattering is a technique used in Chemistry, Biochemistry, and Physics 

primarily to characterize the hydrodynamic radius of polymers, proteins, 

and colloids in solution. It allows determining particle size down to 1 nm, shape and 

flexibility by measuring the random changes in the intensity of light scattered from a 

suspension or solution. Moreover it offers the possibility to study the nature of the 

interactions between particles and their environments. This technique can provide such 

information in relatively quickly and inexpensively, compared with other methods. 

Considerable emphasis is placed on the Brownian motion of particles diffusing in a 

background fluid such as water, because an understanding of Brownian motion opens 

the door to understanding a broad range of subjects, including the dynamical behavior 

of fluids and fluid mixtures, and magnetic materials near their respective critical 

points. 13 

In general, when a sample of particles with diameter much smaller than the 

wavelength of light is irradiated with light, each particle will diffract the incident light 

in all directions. This is called Rayleigh Scattering. 

In a typical DLS experiment, a suspension of analyte such as nanoparticles or polymer 

molecules is irradiated with monochromatic light from a laser while intensity of the 

diffracted light is measured as function of time. The detector is typically a 

photomultiplier positioned at 90° to the light source and it is used to collect light 

diffracted from the sample. Collimating lenses are used to focus laser light to the 

center of the sample holder.14 A scheme of typical dynamic light scattering is reported in 

Fig.2.14. 

Ideally, the sample itself should be free of unwanted particles that could contribute to 

light scattering. For this reason dispersions are often filtered or purified before being 

measured. Samples are also diluted to low concentrations in order to prevent the 

particles from interacting with each other and disrupting Brownian motion. 
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Fig.2.14 Scheme of a typical  Dynamic light scattering
15

 

 

The Dynamic light scattering (DLS; Malvern Instruments Zetasizer Nano S90 with a 

He-Ne laser 633 119 nm) has been used to evaluate the nanoceria aggregation. The 

analyses have been performed in collaboration with Dr. Sebastiano Garroni at 

Department of Chemistry University of Sassari. 
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3. Materials and method 

3.1.  Materials 

Chemicals for nanoparticles synthesis 
 

Cerium(III) nitrate hexahydrate (Ce(NO3)3�6H2O, ABCR 99.9%), 1-hexadecyl 

trimethylammonium bromide (CTAB 98%, ABCR), urea (CH4N2O, Aldrich 99%), 

Pluronic F127 (PEO106-PPO70-PEO106, Aldrich), iron chloride (III) hexahydrate 

(FeCl3�6H2O, ABCR GmbH&Co), iron chloride (II) tetrahydrate (FeCl2�4H2O, ABCR 

GmbH&Co), sodium hydroxide (NaOH pellets 98 %, Carlo Erba), 3-

aminopropyltriethoxysilane (APTES, NH2(CH2)3Si(OC2H5)3, 99%, Aldrich), 

fluorescein isothiocyanate isomer I (FITC, C21H11NO5S, 90%, Aldrich), ethanol 

(EtOH, Fluka 99.8%), acetone (Aldrich 99.5%), N,N-dimethylformamide (DMF, 

C3H7NO, Aldrich), 2-propanol (99.7%, Carlo Erba), 1 M hydrochloric acid (HCl, 

Aldrich) and 5 M aqueous ammonia (NH4OH, Aldrich) were used as received without 

further purification. Bidistilled water (H2O) was employed in the synthesis. 

Chemicals for films synthesis 

3-glycidoxypropyltrimethoxysilane (GPTMS, Aldrich 98 %), sodium hydroxide 

(NaOH pellets 98%, Carlo Erba), titanium tetrachloride (TiCl4, Aldrich), Pluronic 

F127 (PEO106-PPO70-PEO106, Aldrich), rhodamine 6G (Rh6G, Aldrich), ethanol 

(EtOH, Aldrich 99.8%) and acetone (Aldrich 99.5%) were used as received without 

further purification; bidistilled water (H2O) was employed in the synthesis and p-type 

boron-doped silicon wafers, silica and soda-lime glass slides were employed as 

substrates for film deposition.  

Chemicals for biological assay 

Phosphate buffered saline 10X concentrate (Sigma Aldrich), Dulbecco's modified 

Eagle's medium (DMEM/F-12, HEPES, no phenol red), horse and fetal bovine (FBS) 

serum were purchased from Life Technologies, L-3,4,dihydroxyphenylalanine (L-

DOPA, 98%) from Sigma-Aldrich (Milan, Italy) and manganese chloride (MnCl2) 

from Merck (Darmstadt, Germany). 3-(4,5-Dimethyl-thiazol-2-yl)-

2,5,diphenyltetrazoliumbromide for MTT assay (97.5%), phosphate buffer saline 
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solution (PBS, 0.2 mm filtered), trypan blue (0.4%), gelatin, 4,6-diamidino-2- 

phenylindole dihydrochloride (DAPI, 98%), 0.5 M citric acid (99.5%), 1.0 M sodium 

acetate (NaAc, 99%), 12.5 mM ethylenediaminetetraacetic acid (EDTA, 98.5%), 

methanol 10% (MeOH, 99.93%), sodium octylsulphate (CH3(CH2)7OSO3Na, pH 3.0, 

95%), annexin V-fluorescein isothiocyanate (FITC) propidium iodide (PI), annexine 

V-FITC kit (MACS Mylteny Biotec), and trypan blue 0.4% were purchased from 

Sigma Aldrich. 

OVIXcell (IMV Technologies), 4% glutaraldehyde, 1% OsO4, PI (Propidium Iodide, 

1mg/ml; Sigma-Aldrich, USA), FITC-PSA (Pisum Sativum agglutinin conjugated with 

fluorescein isothiocyanate; 1mg/ml; Sigma-Aldrich, USA), Acridine Orange, TNE 

buffer (0.15M NaCl, 1mM EDTA, 10mM Tris, pH 7.2), Acid Detergent Solution (0.08 

M HCl, 0.15 M NaCl, 0.1% Triton X-100, pH 1.4), staining solution (0.15 M NaCl, 1 

mM EDTA, 10 mM Tris, 0.2 M Na2HPO4, 0.1 M citric acid, pH 6), paraformaldehyde, 

Mitotracker Orange (Molecular Probes, Oregon, USA). 

20 mM Hepes buffered TCM 199, polyvinyl alcohol (PVA), 10% heat-treated oestrus 

sheep serum (OSS), 0.1 IU/ml FSH, 0.1 IU/ml LSH, mineral oil, cacodylate buffer 

(0.1 M, pH = 7.4), 2.5% glutaraldehyde, osmium tetroxide 2%, uranyl acetate, lead 

citrate, microtubule stabilizing buffer (100 mM PIPES, 5 mM MgCl2, 2.5 mM EGTA, 

2% formaldehyde, 0.1% Triton- X-100, 1 mM taxol, 10 U/ml of aprotinin, and 50% 

deuterium oxide), 2% bovine serum albumin, 2% skim milk powder, 2% normal goat 

serum, 100 mM glycine, 0.01% Triton-X-100, and 0.2% sodium azide, Hoechst 33258 

(1ȝg/ml in blocking solutions, 50% glycerol, sodium azide , 2,7- 

dichlorodihydrofluorescein diacetate (H2DCFDA), 2% paraformaldehyde, SOF 

medium, 1% Triton X-100 in 20mM Hepes buffered, propidium iodide (PI), 10 mg/ml 

Hoechst 33342, glycerol were purchased from Sigma Chemical CO. (St. Louis, MO, 

USA). Monoclonal anti–αβ-tubulin, blocking solution, donkey anti-mouse Alexa Fluor 

488 secondary antibody (Invitrogen) and rhodamine phalloidin (1:150, Invitrogen). 
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3.2. Synthesis of nanoparticles 

3.2.1. Nanoceria 

The synthesis of ceria nanoparticles uses as coordinating agent 1-hexadecyl-

trimethylammonium bromide (CTAB)  or Urea Ce(NO3)3 and NH4OH as inorganic 

precursors; 7 g of Ce(NO3)3·6H2O was dissolved and 0.5 ml hydrochloric acid was 

added in 20 ml of 2-propanol and left under stirring until a homogeneous solution has 

been obtained. In a separate vial, 2 g of CTAB or Urea and 0.5 ml of HCl were 

dissolved in 20 ml of 2-propanol and left under stirring for 5 min. The CTAB or urea 

solution was then added, dropwise, to the Ce(NO3)3 solution under stirring, 

immediately after 14 ml of NH4OH(aq) were added to the mixture to form a 

precipitate that was exposed to microwaves (4 times at 600 W for 10 s), washed with 

water and centrifuged at 10.000 rpm. A light yellow milky dispersion was obtained 

and diluted with water to reach a concentration of 0.08 g CeO2 per ml (ceria stock 

suspension).The yield of the cerium oxide nanoparticles was estimated in 58 % by 

assuming CeO2 as the average formula for the calculations. 

 

- Functionalization of nanoceria with FITC 

Nanoceria was firstly functionalized with 3-aminopropyltriethoxysilane by mixing 200 

mg of nanoceria with 3 ml of APTES and 50 ml of EtOH at room temperature under 

stirring. The amino-functionalized nanoceria (NH2-nanoceria) was washed with EtOH 

and centrifuged at 10 000 rpm. 4mg of nanoceria were then re-suspended in 0.5 ml of 

DMF, mixed with 0.5 ml of 2 mg�ml-1 FITC in DMF and stirred at room temperature 

for 4 h. The FITC–NH2 nanoceria were washed once with acetone and twice with 

water and centrifuged at 10 000 rpm. The orange precipitate was diluted with water to 

reach a concentration of 22 mg�ml-1 (FITC–NH2-nanoceria). 
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3.2.2. Superparamagnetic iron oxide (SPION) 

The reagents FeCl2�4H2O (2 g) and FeCl3�6H2O (3.25 g) were dissolved in 60 ml of 

acidic solution obtained with 10 ml of HCl 1 N and 50 ml of H2O under vigorous 

stirring. The solution of iron salts was then added drop-wise under nitrogen flow to 

100 ml of NaOH 1 M. The reaction mixture was left under stirring for 30 min. under 

nitrogen flow. The nanoparticles were washed 3 times with 20 ml of water and 3 times 

with 20 ml of ethanol using a magnet. The SPIONs synthesis was performed according 

to Yu and Chow.1 The yield of the iron oxide nanoparticles was estimated in 53 % by 

assuming Fe3O4 as the average formula for the calculations. The obtained SPIONs 

concentration was 0.03 g per ml (SPIONs stock suspension). 

 

3.3. Synthesis of sol-gel based film 

3.3.1. Mesoporous Titania 

Mesoporous titania sol was prepared using TiCl4, EtOH, H2O, and Pluronic F127, with 

the following molar ratios: TiCl4:EtOH:F127:H2O = 1:40:0.005:10. The precursor sol 

was obtained by addition of TiCl4 into a mixture of EtOH and surfactant Pluronic 

F127 after 5 min. of stirring; water was then added dropwise at the precursor sol. 

Titania sol was deposited by dip-coating in a controlled chamber, with 25% relative 

humidity (RH) and a withdrawal rate of 15 cm�min.−1. After deposition, the films were 

dried in an oven at 60 and 130 °C (24 h at each temperature). The samples were then 

calcined thermally treating them from 130 °C up to 350 °C with a heating rate of 1 °C 

min.−1, with a final firing step of 2 h at 350 °C. Silicon wafers (Si-Mat) (100) cut, p-

type boron doped, 350 ȝm thick, previously cleaned with water, acetone, and EtOH 

were used as substrates for film deposition. 
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3.3.2. Mesoporous Hafnia 

Mesoporous hafnia films can be synthesised starting from chloride precursors as the 

Hf source. The precursors solution was prepared by the slow addition of HfCl4 (6.33 

g) to 46.13 ml of ethanol and 1.26 g of surfactant. Finally 3.6 ml of water was added to 

this sol under stirring. The molar ratios were: HfCl4:EtOH:F127:H2O = 1:40:0.005:10 

The substrate was dip-coated in the fresh solution in a controlled chamber, with 25% 

relative humidity (RH) and a withdrawal rate of 15 cm�min.−1. After deposition, the 

films were dried in an oven at 60 and 130 °C (24 h at each temperature). The samples 

were then calcined thermally treating them from 130 °C up to 350 °C with a heating 

rate of 1 °C min.−1, with a final firing step of 2 h at 350 °C. Silicon wafers (Si-Mat) 

(100) cut, p-type boron doped, 350 ȝm thick, previously cleaned with water, acetone, 

and EtOH were used as substrates for film deposition. 

 

3.3.3. Mesoporous Silica 

Mesoporous silica films were prepared in two stages. In the first one a stock solution  

was prepared by mixing 21.7 ml of EtOH, 30 ml of TEOS and 2.55 ml of an acidic 

water solution (HCl 7.68�10-1M); the solution was stirred for 45 min. at 25°C in a 

closed vessel. In the second stage a solution containing the surfactant was prepared by 

dissolving 1.3 g of Pluronic F127 in 15 ml of EtOH and 1.5 ml of acidic water (HCl 

5.7�10-2M). Finally the two solutions were mixed together and stirred for 15 min. at 

25°C in a closed vessel. The final molar ratios of the mixture are the following: 

TEOS:EtOH:H2O:HCl: F127 = 1: 16.32: 5.42: 1.88�10-2:  5.08�10-3. Film was 

deposited on substrates by dip-coating deposition at a 15 cm�min.−1withdrawal rate. 

The temperature in the deposition room was kept at 25°C and the relative humidity 

(RH) at 25%. The films, immediately after their deposition, were dried at 80°C for 18 

hours in air, then at 150°C for 2 hours, and finally calcined in air at room pressure at 

350°C for 3 hours. Silicon wafers (Si-Mat) (100) cut, p-type boron doped, 350 ȝm 

thick, previously cleaned with water, acetone, and EtOH were used as substrates for 

film deposition. 
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3.3.4. GPTMS hybrid films 

The precursor sol was prepared by addition of GPTMS (10 ml) to a NaOH aqueous 

solution (4 ml, 1.85 M, pH 14) under stirring. The molar ratio of the components was 

set to GPTMS: H2O: NaOH = 1:5:0.167. Afterward the precursor sol was left in an 

open vessel at 25 °C and 40 % RH for 30 min. to avoid risk of overpressure due to 

vapors of methanol generated from the methoxyl groups hydrolysis. After this time, 

the sol was left under stirring for 12 h at 25°C in a closed vial and divided in two parts. 

One sol was used fresh (0d) and the other one was aged up to 6 days (6d) at 25°C 

without stirring. Both solutions were used for the deposition of hybrid films by spin-

coating on silicon and silica substrates using a rotation speed of 5.000 rpm for 20 s. 

The substrates were cleaned with water, acetone and ethanol; after the deposition, the 

films were thermally treated at 100°C for 48 h. 

 

3.4. Synthesis of nanocomposite films 

3.4.1. Grafting of film surface with nanoparticles 

The anchoring of nanoceria or SPION nanoparticles on the films was performed 

through a post grafting procedure via incubation with colloidal NP suspensions. 

Hybrid organic–inorganic films with an average surface area of 7.5 cm2 were placed in 

Petri dishes (diameter = 60 mm) and then immersed for 48 h in a solution containing 

0.04 g of NPs dispersed in 20.5 ml of ethanol. After incubation, the hybrid films were 

washed with ethanol and dried on the open air. 

 

3.4.2. Nanoceria into the pores of thin film: DXRL approach   

The titania, hafnia and silica mesoporous film have been prepared by following the 

procedure reported in the paragraph 3.3 for each types of film. 

The ceria precursor sol was prepared by dissolving 2 g of urea, CTAB, or Pluronic 

F127 and 0.5 ml of HCl in 20 ml of 2-propanol and left under stirring for 5 min.; this 

solution was then added dropwise to the cerium nitrate solution which was previously 

prepared by dissolving 7 g of Ce (NO3)3�6H2O and 0.5 ml of HCl in 20 ml of 2-
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propanol. The precursor sol was then deposited by spin coating on a titania 

mesoporous film using 400 rpm for 40 s. The as-prepared films were directly exposed 

to hard X-ray radiation using the deep X-ray lithography (DXRL) beamline at Elettra 

synchrotron facility (Trieste, Italy). The storage ring worked at 2 GeV. The sample 

was mounted on top of a water-cooled stainless steel plate (scanner), which was 

continuously rastering the sample in front of the beam to allow for a homogeneous 

exposure of areas larger than the beam size; the scanner rate was set to 20 mm s−1. At 

the exposure plane (position of the sample) the beam size was 115.5 mm X 10.6 mm. 

The films were irradiated with different doses (energy per unit area at the sample 

surface) by changing the exposure time (61, 132, and 234 s). In fact, the energy per 

unit area is equal to the exposure time multiplied by the X-ray power per unit area, 

hitting the sample P = 2.472 W cm−2. The films were exposed to doses corresponding 

to 163, 326, and 653 J cm−2. A mask containing test patterns of different size, shape, 

and geometry (5−500 ȝm) was then used to produce patterns on the films that were 

exposed to the X-ray beam. The mask had a gold absorber 20 ȝm thick and a titanium 

transparent membrane with thickness of 2.2 ȝm. Mesoporous films were exposed, 

without mask, to the same X-ray doses of the patterned samples and then impregnated 

with a solution containing ethanol and Rh6G (5�10−3 M) to test the antioxidant 

properties. Afterward, the films were placed at a distance of around 5 mm from a UV 

lamp and exposed to UV radiations for increasing time. The lamp mounted a 

fluorescence tube for emission at Ȝ = 365 nm with a nominal power density of 470 ȝW 

cm−2 at 15 cm. As a reference, Rh6G was deposited on silica slides and on pure 

mesoporous films, not containing ceria nanoparticles and not exposed to DXRL; the 

samples were then exposed to UV light following the above protocol. 
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3.5. Nanoparticles and films characterization 

- Nanoparticles 

X-ray diffraction (XRD) pattern of CeO2 nanoparticles used in cell cultures was 

collected by a Bruker D8 “Discover” in grazing incidence geometry with a Cu Ka line 

(Ȝ= 1.54056 Ǻ); the X-ray generator worked at a power of 40 kV and 40 mA. The 

patterns were recorded in 2θ mode ranging from 20 to 80° with a step size of 0.02° and 

a scan speed of 0.5 s until an optimal signal-to-noise ratio was achieved. The average 

crystallite size D was calculated from the broadening of the X-ray line (1 1 1) using 

Scherrer's equation2,3 and EVA program. 

X-ray diffraction (XRD) patterns of CeO2 nanoparticles grafted on hybrid films and 

patterns of mesoporous films loaded with CeO2 nanoparticles were collected using a 

Bruker D8 discover instrument described above. The patterns in the first case were 

recorded in 2θ ranging from 25 to 75° and in the second case from 10 to 100° with a 

step size of 0.02° and a scan speed of 0.5 s by a repetition mode for 12 h until 

maximization of the signal-to-noise ratio. The patterns of SPIONs deposited on silicon 

substrates, and SPIONs grafted on hybrid films were recorded in 2θ ranging from 25° 

to 70° with a step size of 0.02° and a scan speed of 0.5. The XRD data were analyzed 

with the MAUD software according to the Rietveld method; average crystallite size 

and lattice strain were separated from the total broadening assuming a dependence of 

microstrain from the reflection order following an isotropic model.4 

A Vertex 70 Bruker spectrophotometer in the 400–4000 cm-1 range, with a resolution 

of 4 cm-1 was used for Fourier transform infrared (FTIR) spectroscopy. Nanoceria, 

NH2-nanoceria and FITC–NH2-nanoceria solutions were casted onto a silicon wafer 

and then measured in transmission; bare silicon was used as a background reference. 

The FTIR spectra were analyzed in the 3700– 400 cm-1 region; the baseline was 

corrected using a concave rubberband function with OPUS 7 software. Transmission 

electron microscopy (TEM) images were obtained by using a Hitachi H-70000 

microscope equipped with a tungsten cathode operating at 125 kV. For sample 
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measurements, few drops of nanoceria were cast on a carbon coated copper grid and 

dried for observations. 

 

-Hybrid organic−inorganic films containing ceria and Spion 

nanoparticles 

Fourier transform infrared (FTIR) measurements were performed using a Vertex 70 

Bruker spectrophotometer in the 400−4000 cm-1 range with a resolution of 4 cm-1 on 

films deposited on a silicon wafer; silicon was used for the background reference. The 

FTIR spectra were analyzed in the 3750− 2750 cm-1 region correcting the baseline by 

subtracting a concave rubberband with OPUS 7 software. Optical properties have been 

measured by a Nicolet Evolution 300 UV−vis spectrophotometer working in 

intelliscan mode, silica glass has been used as background reference. An atomic force 

microscope (NT-MDT Ntegra) was used to analyze the topography of the samples. 

Surface was measured at 0.5−1 Hz scan speed in semicontact mode, using a silicon tip 

with nominal resonance frequency of 130 kHz, 4.4 N�m
-1 force constant, and 10 nm 

typical curvature radius. Measures of surface roughness were performed by using the 

WSxM 5.0 Develop 3.2 software.5 

Transmission electron microscopy (TEM) images were obtained using a JEOL 200CX 

microscope equipped with a tungsten cathode operating at 200 kV. Prior to 

observation, a fragment of the sample was removed from the substrate and deposited 

on a carbon-coated copper grid after gentle grinding on an agate mortar. 

A Bruker Senterra confocal Raman microscope working with a laser excitation 

wavelength of 532 nm at 50 mW of nominal power was used for ceria grafted on 

hybrid film Raman characterization. The 100X objective was selected and an array of 

6 x 8 points was defined to cover an area of 15 x 20 ȝm with a step of 2.5 ȝm. Each 

spectrum of the map was obtained by averaging 5 acquisitions of 5 s. The Raman 

spectra were collected in a region of 5 ȝm2 where ceria nanoparticles were previously 

identified by optical microscope. To monitor the ceria release, 3 points were measured 

in the selected region before and after immersion of the sample in the phosphate 
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buffer. The spectra were averaged in the 425−490 cm−1 range after rubberband 

baseline subtraction; OPUS 7 software was used for data manipulation. Every point of 

the release experiment was obtained by using different samples from the same batch; 

each sample was immersed for the selected delivery time. Before every release test the 

Raman reference spectra (time 0) were collected and compared to those ones after the 

test; finally the measured spectra have been normalized using the Raman spectra 

before the release test. 

Optical properties have been measured by a Nicolet Evolution 300 UV–Vis 

spectrophotometer working in intelliscan mode; silica glass was used as background 

reference. For SPION grafted on hybrid film a Bruker Senterra confocal Raman 

microscope (100X objective) working with a laser excitation wavelength of 633 nm at 

5 mW of nominal power was used for Raman characterization. Each spectrum of the 

map was obtained by averaging 6 acquisitions of 3 s. The Raman spectra were 

analyzed in the 800–150 cm-1 range for SPION and 490–430 cm-1 for ceria after 

rubberband baseline subtraction. The pattern of SPIONs grafted on the hybrid film 

was obtained using a 633 nm Raman laser at 20 mW. The corresponding laser spot 

size, s, was calculated using the following formula s = 1.27 Ȝ/NA, where Ȝ is the laser 

wavelength and NA is the numerical aperture.6 The patterned area was mapped with a 

50 X objective, with a spot size of 1.6 µm, defining an array of 10 x 10 points to cover 

an area of 15 x 15 µm2 with a step of 2.5 µm. Each spectrum of the map was obtained 

by averaging 5 acquisitions of 10 s. The Raman laser used for mapping was 633 nm at 

power of 2 mW. 

SEM morphology analysis was performed by coating the samples with gold in an 

Edwards S150A Sputter Coater unit and examining them with a Zeiss EVOLS 10 

environmental scanning electron microscopy (ESEM), in high vacuum modality with 

secondary electron detector.  

An atomic force microscope (NT-MDT Ntegra) was used to analyze the topology and 

perform phase imaging on the hybrid organic–inorganic films. Surface was measured 

at 1 Hz scan speed in semicontact mode, using a silicon tip with nominal resonance 

frequency of 127 kHz, 4.4 N m-1 force constant, and 10 nm typical curvature radius. 
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Surface coverage of the nanoparticles on hybrid organic–inorganic films was 

evaluated using the ImageJ software. 

 

- Mesoporous films embedding ceria nanoparticles 

TEM images of titania, hafnia and silica embedding nanoceria were taken with a 

transmission electron microscope (TEM; JEM-2000FX, JEOL, Japan) operating at 

voltage of 200 kV. For observation, the films were scratched into fine powders and 

then dispersed in ethanol to form a slightly turbid suspension. A small drop of the 

resultant suspension was placed on a carbon-coated copper mesh grid and dried at 

room temperature. Pore and ceria nanoparticle sizes were estimated from line profile 

analysis performed on representative TEM images with the ImageJ program.7 

A Wollam-α spectroscopic ellipsometer with fixed angle geometry was used for 

thickness measurements of thin films deposited on silicon substrates. The thickness 

was estimated by fitting the experimental data with a Cauchy model for transparent 

films on Si substrates. The fit showed an average mean square error (MSE) of about 

12 for titania mesoporous films and 20 for titania mesoporous films loaded with ceria 

nanoparticles. 

The mesostructure characterization of the titania, hafnia and silica  films were 

performed using synchrotron radiation by small-angle X-ray scattering (SAXS) in 

grazing incidence (GISAXS) mode at the Austrian high-flux beamline of the electron 

storage ring ELETTRA (Trieste, Italy). The angle of incidence of the beam (Ȝ = 1.54 

Å) was set either to 90° (transmission mode) or slightly above the critical angle 

(grazing incidence mode or GISAXS). Two-dimensional patterns were recorded with a 

CCD detector (Photonic Science). 

A Raman microscope was used to detect the formation of ceria nanoparticles inside 

the mesoporous films. A Bruker Senterra confocal Raman microscope working with a 

laser excitation wavelength of 532 nm at 12 mW of nominal power was used for 

optical microscopy (100X magnification) and Raman spectroscopy analysis; the 

spectra were recorded by averaging 30 acquisitions of 2 s. Raman imaging maps were 
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obtained by selecting the 100x objective, and an array of 10 x 10 points was defined to 

cover an area of 35 × 35 ȝm with a step of 3.5 ȝm. Each spectrum of the map was 

recorded by averaging five acquisitions of 5 s. 

A Bruker M4 Tornado X-ray fluorescence spectrometer with a 10x objective was used 

to observe the Ce and Ti element content over an area of 1.8 x 1.8 mm of titania 

mesoporous films patterned with ceria nanoparticles. The samples were washed with 

fresh 2-propanol before measuring, to remove the unreacted ceria precursors from the 

unexposed regions. The maps were recorded under vacuum using an X-ray tube with 

Rh anode at 600 ȝA and 50 KV without any filter and with a spot size of 4 ȝm. 

Absorption spectra of the Rh6G deposited on bare silica slides and CeNPs-loaded 

mesoporous titania films were measured in the 200− 900 nm wavelength range using a 

UV−vis Nicolet Evolution 300 spectrometer, at 500 nm�min.−1 scan rate. Each 

acquisition was the average of three different scans collected with a bandwidth of 1.5 

nm. 

 

3.6. Incubation of nanoceria with cell cultures 

3.6.1. Nerve Pheochromocytoma cells (PC12)   

- Cell culture and viability assay 

PC12 cells (ATCC CRL-1721), derived from a transplantable rat pheochromocytoma, 

are a valuable model for neuronal differentiation, mimicking any features of central 

dopaminergic neurons including dopamine production.8 Cells were maintained at 37 

°C in 60mm plastic culture plates in an atmosphere of 5% CO2/95% humidified air. 

The formulation of the culture medium was prepared as follows: Dulbecco's modified 

Eagle's medium (DMEM) – F12 supplemented with 10% horse serum and 5% fetal 

bovine serum. For viability testing PC12 cells were exposed or not exposed (control) 

for 48 hours to different concentrations of ceria nanoparticles (5–5000 mg�ml-1) in 24-

well plates (105 cells per well). To evaluate ceria neuroprotective effect, PC12 cells 

were pre-treated for 24 h with 10, 20 and 50 mg ml-1 of ceria and then MnCl2 and/or 

L-DOPA were added at the concentration of 750 mM and 20 mM respectively for 
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further 24 h. All experiments were done in triplicate. Cell viability was then assessed 

by the 3- (4, 5-dimethyl-thiazol-2-yl)-2, 5, diphenyltetrazolium bromide (MTT) assay. 

In this assay, viable cells convert the soluble dye MTT to insoluble (in aqueous media) 

blue formazan crystals. In details, 200 ml of MTT [5 mg ml-1 stock solution in 

phosphate buffered saline (PBS)] was added to 1 ml of medium and incubated at 37 °C 

for 4 h. The MTT was removed and the cells rinsed with PBS and centrifuged at 4000 

rpm for 20 min. The resulting pellet was dissolved in 2 ml of isopropanol and 

centrifuged at 4000 rpm for 5 min. Finally the supernatant color was read at 600 nm 

using a Bauty Diagnostic Microplate Reader. A calibration standard curve was 

achieved before each experiment using different cells concentration. 

 

- PC12 apoptosis assessment 

PC12 cells were seeded in a 24-well plate, pre-treated for 24 h with 10, 20, 50 and 100 

mg�ml-1 of ceria, at concentration of 1.2�105 cells per well and cultured overnight. 

Then MnCl2 (750 mM) and/or L-DOPA (20 mM) were added to cells and incubated 

for further 24 h. After incubation the cells were washed with annexin binding buffer. 

Cell apoptosis was assessed using annexin V-fluorescein isothiocyanate (FITC) 

apoptosis detection kit (BD Biosciences, San Diego, USA). Cells were incubated with 

FITC-labelled annexin V and propidium iodide (PI) for 15 min. in dark at room 

temperature (20–25 °C). The cell percentage showing annexin V+/PI- and annexin 

V+/PI+ was used to evaluate apoptotic cells by a FACS Calibur with Cell Quest 6.0 

software (BD Bioscience); 10 000 events were collected for each experiment. 

 

- Evaluation of ceria uptake into PC12 cells 

PC12 cells were exposed or not exposed (control) for 48 hours to different 

concentrations of FITC–NH2-nanoceria (20–50–100 mg�ml-1) in 24-well plates 

(1.2�105 cells per well). After incubation, the cells were washed 3 times with PBS and 

resuspended in Dulbecco's modified Eagle's medium containing 0.25% w/w of trypan 

blue. The uptake of FITC–NH2-nanoceria into PC12 cells was evaluated by FACS 
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Calibur flow cytometer (Becton Dickinson, FACScalibur™, and USA) and Raman 

spectroscopy. The side scatter data obtained by flow cytometry were analyzed using 

CELL Quest 6.0 software (BD Bioscience).9 For Raman analysis PC12 cells were 

seeded on gelatin (1 mg�ml-1 in sterile milliQ water) coated glass cover slips at 105 

cells per ml and cultured overnight. Then cells were treated with ceria nanoparticles 

(40 mg�ml-1) for another 24 h. After that, cells were rinsed two times with PBS and 

glass cover slips were placed and sealed on a microscope slide. The intracellular 

localization was detected by a Bruker Senterra confocal Raman microscope (50X 

magnification for optical images) working with a laser excitation wavelength of 532 

nm at 12 mW of nominal power. Raman imaging maps were obtained by selecting the 

50X objective, and defining an array of 598 points in order to cover an area of 25 x 22 

mm with a step of 1.0 mm. Each spectrum of the map was recorded by averaging 10 

acquisitions of 3 s. 

For confocal microscopy analysis, PC12 cells were seeded on gelatin (1 mg�ml-1 in 

sterile milliQ water) coated glass cover slips at 105 cells per ml and cultured overnight. 

Then, the cells were treated with FITC–NH2 nanoceria (10 or 20 mg�ml-1) for another 

24 h. Afterwards, the cells were rinsed two times with PBS and stained with DAPI (5 

mg�ml-1 in PBS) for 15 min., protecting them from light. Cells were then rinsed one 

time with PBS and sealed on microscope slides. Samples were observed with a Leica 

Microscope, equipped with a Leica Confocal Laser System C2s. The images were 

analyses by Leica Application Suite Advance Fluorescence Lite (LAS AF) program. 

 

- Chromatographic analysis  

High performance liquid chromatography with electro-chemical detection (HPLC-EC) 

was used to quantify DA, dihydroxyphenylacetic acid (DOPAC), homovanillic acid 

(HVA), 3-methoxytyramine (3-MT) using an Alltech 426 HPLC pump equipped with 

a Rheodyne injector, column 15 cm 64.6 mm i.d. Alltech Adsorbsphere C18 5U, 

electrochemical detector Antec CU-04-AZ and Varian Star Chromatographic 

Workstation. Citric acid 0.5 M, Na acetate 1.0 M, EDTA 12.5 mM, MeOH 10% and 
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sodium octylsulphate 650 mg�ml-1 (pH 3.0) was the mobile phase; the flow rate was 

1�3 ml min.-1.10 

 

- Statistical analysis  

All in vitro data derive from at least three independent experiments and results are 

expressed as mean values with 95% confidence intervals. The statistical significance 

of differential findings between experimental and control groups was estimated by 

paired or unpaired t-test in Graph-Pad Prism 5.0 software (GraphPad Software, Inc, 

San Diego, CA, USA). These findings were considered significant if two-tailed P 

values were <0.05. 

 

3.6.2. Cumulus-oocyte complex  (COCs) 

- Oocyte collection and in vitro maturation 

Ovaries were collected from prepubertal lambs (Sarda breed; 30-40 days of age, body 

weight 6-10 kg) at a local abattoir and transported to the laboratory within 1–2 hr in 

Dulbecco phosphate buffered saline (PBS) with antibiotics. Collection of cumulus–

oocyte complexes (COCs) was performed in sterile Petri dishes containing 20 mM 

Hepes buffered TCM 199 supplemented with 0.1% (w/v) polyvinyl alcohol (PVA) and 

antibiotics. Only COCs showing several intact cumulus cell layers and uniform 

cytoplasm with homogenously distributed lipid droplets were selected for in vitro 

maturation. In vitro maturation medium was TCM 199 supplemented with 10% heat-

treated oestrus sheep serum (OSS), 0.1 IU/ml FSH, 0.1 IU/ml LH. COCs were evenly 

divided and cultured in maturation medium supplemented with CeO2 NPs at 

concentration of 0 ȝg/ml, 44ȝg/ml, 88 ȝg/ml, 220 ȝg/ml. Thirty to thirty-five COCs 

were cultured for 24 hr in 5% CO2 in air at 38.5°C in four-well Petri dishes (Nunclon; 

Nalge Nunc International, Roskilde, Denmark) with 600 ml of maturation medium, 

layered with 300 ml of mineral oil. 
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- Transmission Electron Microscopy for CeO2 NPs uptake evaluation 

To verify the potential internalization of the CeO2 NPs, COCs were incubated for 2 hr 

(germinal vesicle oocytes – GV, n= 30) or for 24 hr (metaphase II oocytes - MII, 

n=30) with CeO2 NPs (44ȝg/ml, 220 ȝg/ml, n=15 for each group) and analyzed by 

TEM. After incubation, GV and MII COCs were washed twice in cacodylate buffer 

(0.1 M, pH = 7.4), fixed in 2.5% glutaraldehyde and post-fixed in osmium tetroxide 

2% in the same buffer. After centrifugation, the pellets were dehydrated in graded 

alcohol solutions and embedded in Embed-812 kit using a standard procedure. 

Ultrathin sections (60–70 nm) were counterstained with uranyl acetate and lead citrate 

before observation with an electron microscope Zeiss 109 EM Turbo (Carl Zeiss, 

Germany) at 80 kV. 

 

- Immuno fluorescence labelling and analysis by confocal microscopy 

Groups of oocytes matured in vitro in presence of CeO2 NPs at increasing 

concentrations of 0ȝg/ml (n=30), 44 ȝg/ml (n=30), 88 ȝg/ml (n=30) and 220 ȝg/ml 

(n=30) were fixed and processed for microtubules, F-actin and DNA 

immunofluorescence as previously described.11 Fixation was carried out for 45 min. at 

38°C in a microtubule stabilizing buffer (100 mM PIPES, 5 mM MgCl2, 2.5 mM 

EGTA, 2% formaldehyde, 0.1% Triton- X-100, 1 mM taxol, 10 U/ml of aprotinin, and 

50% deuterium oxide). Oocytes were stored until use in a blocking solution 

comprising PBS supplemented with 2% bovine serum albumin, 2% skim milk powder, 

2% normal goat serum, 100 mM glycine, 0.01% Triton-X-100, and 0.2% sodium 

azide. For immunostaining of microtubules and F-actin, oocytes were first incubated 

with mouse monoclonal anti–αβ-tubulin diluted 1:100 in blocking solution overnight 

at 4°C, followed by incubation for 1 hr at 37°C with donkey anti-mouse Alexa Fluor 

488 secondary antibody (Invitrogen) at 1:100 final dilution combined with rhodamine 

phalloidin (1:150, Invitrogen). DNA was stained with Hoechst 33258 (1ȝg/ml in 

blocking solution) for 30 min. Oocytes were mounted under cover slips without 

compression in medium containing 50% glycerol and 25 mg/ml sodium azide. F-
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Actin, microtubules and chromosomes were visualized on a confocal laser-scanning 

fluorescence microscope Leica TCS SP5, equipped with 543 nm HeNe, 488 nm Argon 

and 405 nm 405-diode laser. The images were acquired using an oil immersion 40x 

objective (NA=1, 25) and recorded in the host computer. Cortical F-actin images were 

recorded considering the sections corresponding to the equatorial plane of the cell by 

scanning the oocyte through the Z-axis.  

 

- Intracellular ROS measurement 

After IVM in medium supplemented with different concentrations of CeO2 NPs (0 

ȝg/ml, 44 ȝg/ml, 88 ȝg/ml, and 220 ȝg/ml) oocytes at the metaphase II (MII) stage 

were sampled for determination of intracellular ROS levels. Briefly, 2’7’ 

dichlorodihydrofluorescein diacetate (H2DCFDA) was used to detect intracellular 

ROS as green fluorescence. Thirty oocytes from each group were incubated in the dark 

for 30 min. in PBS-PVA containing 10 ȝM H2DCFDA. After incubation, oocytes were 

washed 3 times in pre-warmed PBS-PVA and fixed overnight at 4°C with 2% 

paraformaldehyde solution in PBS. The oocytes were washed with PBS-PVA, placed 

in 20 ȝL droplets and then fluorescence was observed using an epifluorescence 

microscope (IX 70, Olympus, Italy) with 460 nm. Microscope adjustments and 

photomultiplier settings were kept constant for all experiments. Oocytes were 

positioned in the plane of focus, and the area of measurement was adapted to the size 

of the oocyte. The data of emission intensity/oocyte were reduced by compensation for 

the background fluorescence. Oocyte fluorescence intensities were analyzed using 

Image J software (version 1.40; National Institute of health, Bethesda, MD) and 

normalized to that of control oocytes. 
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-  In vitro fertilization and embryo culture 

After in vitro maturation, oocytes of the different experimental groups: 0 ȝg/ml 

(n=129), 44 ȝg/ml (n=127), 88 ȝg/ml (n=109) and 220 ȝg/ml (n=110) were fertilized 

in vitro (IVF) in SOF medium with 2% OSS for 22 hr at 38.5°C and 5% CO2, 5% O2 

and 90% N2 under mineral oil in four-well Petri dishes with frozen–thawed 

spermatozoa selected by swim-up technique (1�106 spermatozoa/ml). Zygotes were 

cultured for 7 days in groups in four-well Petri dishes in SOF essential and non-

essential amino acids at oviductal concentration,12 0.4% BSA under mineral oil, in 

maximum humidified atmosphere with 5% CO2, 5% O2 and 90% N2 at 38.5°C. The 

first cleavage was registered at 24 hr and 30 hr after the start of fertilization. 

Development to blastocyst stage was recorded on the 7th day of culture. 

To differentially stain inner cell mass (ICM) and trophectoderm (TE) cell, blastocysts 

derived from the different maturation treatment groups were exposed to 1% Triton X-

100 in 20mM Hepes buffered TCM 199 for 3–5 seconds, washed 3–5 times and 

incubated in the same medium containing 30 mg/ml propidium iodide (PI) for 30 

seconds. The blastocysts were then transferred into ice-cold ethanol containing 10 

mg/ml Hoechst 33342 for 5 min. The blastocysts were directly mounted into a small 

droplet of glycerol on a glass slide and examined under epifluorescent microscope 

(Olympus IX70, Italy). ICM nuclei appeared blue, caused by DNA labelling with 

Hoechst 33342, while TE cells appeared red due to staining of nuclear DNA with 

membrane impermeable PI. 

 

- Statistical analysis 

Statistical Analysis was performed using SPSS 15.0 (SPSS Inc., Chicago, USA). The 

data relative to the blastocyst number and ROS levels were normally distributed and 

were analysed with Univariate Analysis of Variance with Bonferroni’s as post hoc 

test, using treatment as fixed factor. Data of nuclear maturation, embryo development, 

and chromatin and cytoskeleton morphology were analysed by Chi-square with 

Bonferroni’s as post hoc test. 
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3.6.3. Spermatozoa 

- Experimental design 

Ram semen was collected and submitted to an initial assessment: only those ejaculates 

that scored at least 3 for mass motility and had a concentration of 3�109cells/ml were 

chosen for the experiment. After collection, each ejaculate was temporarily stored in a 

water bath at 30°C and processed by CASA (computer assisted sperm analysis). The 

ejaculates were pooled, diluted 1:5 in OVIXcell and analysed for the integrity of 

acrosomal and cytoplasm membranes (PI/PSA), kinematic parameters (CASA), 

oxidative stress (H2DCFDA and Mitotracker) and DNA integrity (SCSA) in order to 

assess the initial conditions of the semen before the exposure to CeO2 NPs (fresh 

control, 0h). The diluted samples were divided into 4 aliquots supplemented with 

increasing doses of CeO2 NPs (0, 22, 44 and 220 ȝg/ml), allowed to gradually cool to 

4°C for 2 h and stored at 4°C for up to 24h. Analysis on the interaction among sperm 

cells and nanoparticles, integrity of acrosome and cytoplasm membranes, kinematic 

parameters, oxidative stress and DNA integrity were carried out on the 4 treatment 

groups at 2 and 24 hours of exposure. The experiment was carried out in 6 replicates. 

 

- Animal management and semen collection 

For the present experiment ejaculates were collected from 5 healthy adults (2-6 years 

old) Sarda rams (Genetic Centre of AGRIS, Agenzia Regionale per la Ricerca in 

Agricoltura, Bonassai, Italy). The animals were of proven fertility and trained to 

service an artificial vagina. They were kept indoors and fed with concentrates (400 

g/day) and hay ad libitum. Their sanitary status was assessed and a breeding soundness 

evaluation was carried out before selecting them for the experiment. 

 

- Transmission electron microscopy for the assessment of CeO2 NPs 

uptake 

An aliquot of semen (50ȝL) from each group (fresh control and treated groups) was 

fixed in  4% glutaraldehyde in PBS. Samples were then post-fixed in 1% OsO4 
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overnight, dehydrated, embedded in resin and sectioned for TEM. The sections (80 

nm) were then observed at 80kV using a Zeiss 109 electron microscope (Carl Zeiss, 

Germany) in order to evaluate the interaction and potential uptake between nanoceria 

and spermatozoa. 

 

‐  Membrane integrity and acrosome status 

An aliquot of semen (10ȝL) from each group (fresh control and treated groups) was 

processed to assess membrane integrity and acrosome status by differential staining. 

Briefly, each aliquot was added to 290ȝL of PBS (phosphate buffer saline), 2.8ȝL PI 

(Propidium Iodide, 1mg/ml) and 4ȝL FITC-PSA (Pisum Sativum agglutinin 

conjugated with fluorescein isothiocyanate; 1mg/ml) and incubated in the dark for 15 

min. at 37°C. Samples were then centrifuged  at 4229 RPM for 3 min. and the 

supernatant was discarded. The pellets were re-suspended in 500ȝL PBS and 

centrifuged at 4229 RPM for 3min. This step was repeated once and the final pellet 

was re-suspended in 250ȝL PBS. A 10ȝL drop was placed on a warm slide with a 

cover slip and observed under fluorescence microscope (Olympus IX70, Olympus 

Optical Co. LTD, Japan). A total of 100 spermatozoa from each sample were analysed 

and classified into 4 categories: 1) viable (intact membrane, unstained, PI-/PSA-); 2) 

dead (altered membrane, red, PI+/PSA-); 3) viable reacted (acrosomal reaction, green, 

PI-/PSA+); 4) dead reacted (altered membrane and acrosomal reaction, red and green, 

PI+/PSA+). 

 

- Motility assessment by CASA 

Motility analysis was performed on fresh control and groups exposed to CeO2NPs by 

CASA. Samples were analysed for total (TM) and progressive  motility (PM) and 

specific kinematic parameters as smoothed path velocity (VAP), straight line velocity 

(VSL), track velocity (VCL), lateral head displacement (ALH), beat cross frequency 

(BCF), straightness (ratio VSL/VAP, STR), linearity (ratio VSL/VCL, LIN). 
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Morphology analysis and velocity distribution (rapid, medium, slow and static 

spermatozoa) were also evaluated. 

 

- Flow cytometer analyses 

Flow cytometry was performed using the BD FACSCanto™ platform and the data 

were analysed by BD FACS DIVA software (BD Biosciences, USA). A total of 20000 

events per sample were acquired. 

 

 - Sperm chromatin structure assay 

The labelling of fragmented DNA in fresh controls and in the samples incubated with 

CeO2 NPs was carried out as previously described by Evenson et al.13 The technique 

identifies spermatozoa with abnormal chromatin based on the metachromatic stain 

Acridine Orange that labels in red single strand DNA and in green the double strand 

DNA. Briefly, 50 ȝL of each sample was diluted in 150 ȝL TNE buffer (0.15M NaCl, 

1mM EDTA, and 10mM Tris, pH 7.2) at 4°C, immediately plunged into liquid 

nitrogen and stored at -80°C until analysis. The frozen samples were thawed in 

crushed ice and 200 ȝL of the sperm/TNE suspension was mixed to 400 ȝL of Acid 

Detergent Solution (0.08 M HCl, 0.15 M NaCl, 0.1% Triton X-100, pH 1.4). After 30 

sec, 1.2 ml of staining solution (0.15 M NaCl, 1 mM  EDTA, 10 mM Tris, 0.2 M 

NA2HPO4, 0.1 M citric acid, pH 6) containing 6 ȝg/ml of Acridine Orange, was added 

to the mixture. Within 3 min. from the staining, the samples were run through the flow 

cytometer. The levels of DNA fragmentation were assessed calculating the DFI (DNA 

fragmentation index) as the ratio of red fluorescence and total fluorescence (green + 

red). 

 

- ROS production 

Reactive oxygen species production of samples incubated with CeO2 NPs and controls 

were  assessed by staining with 2’,7’dichlorofluorescein diacetate (H2DCFDA). 

Briefly, 25ȝL of each sample was diluted in 1ml PBS containing 10ȝM H2DCFDA 
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and incubated in the dark for 30min. at 38°C. Following incubation, samples were 

centrifuged at 4229 RPM for 3 min., the supernatant was gently discarded, replaced by 

500 ȝL 2%  paraformaldehyde and left at 4°C for 1 h. After fixation, samples were 

centrifuged again at 4229 RPM for 3 min. and the supernatant removed and replaced 

by 300 ȝL PBS. Samples were stored in the dark at 4°C until flow cytometric analysis. 

 

- Mitochondrial activity 

Mitochondrial activity was labelled with Mitotracker Orange (Molecular Probes, 

Oregon, USA). An aliquot (25ȝL) from each group was diluted in 1ml PBS and 

incubated with Mitotracker Orange (100nM) in the dark for 30 min. at 38°C. Samples 

were then centrifuged (4229RPM x 3 min.), washed twice, and fixed following the 

steps described above for H2DCFDA. 

 

- Statistical analysis 

Statistical Analysis was performed using SPSS 15.0 (SPSS Inc., Chicago, USA). The 

data were normally distributed and were analysed by Univariate Analysis of Variance 

with Bonferroni’s as post hoc test, using time and treatment as fixed factors. 

 

3.6.4. A peripheral blood mononuclear cells (PBMC) 

Peripheral blood mononuclear cells (PBMC) derived from the blood bag buffy coat of 

healthy donor's blood transfusion center of Santissima Annunziata Hospital (Sassari). 

Buffy coat is a light stratum of blood between the plasma and the red blood cells after 

blood centrifugation, containing mostly white blood cells. Platelets are at the top of 

this coat; the other layers are lymphocyte, monocytes, granulocytes and 

adreticulocytes.  

The PBMC cells have been isolated by using a modifying Boyum method.14 Briefly, 

buffy coat has been resuspended in Hanks salts and then the blood has been 

sedimented on Ficoll Histopaque, which allows isolating lymphocytes from diluted 

whole blood. Then the cells have been counted and plated (2�106 per well) on the 
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titania, hafnia and silica films with and without embedded nanoceria, in RPMI (1640 

with fetal calf serum) cell culture medium and incubated at 37°C in CO2 5%  for 24h. 

The incubated samples have been divided in two groups; one has been activated with 

Concanavalin A (10ȝg/ml of cell suspension) and the other one has been not treated. 

 

- PBMC apoptosis assessment  

After 24h incubation the cells were washed with annexin binding buffer. Cell 

apoptosis was assessed using annexin V-fluorescein isothiocyanate (FITC) apoptosis 

detection kit (BD Biosciences, San Diego, USA). Cells were incubated with FITC-

labelled annexin V and propidium iodide (PI) for 15 min. in dark at room temperature 

(20–25 °C). The cell percentage showing annexin V+/PI- and annexin V+/PI+ was 

used to evaluate apoptotic cells by a FACS Calibur with Cell Quest 6.0 software (BD 

Bioscience); 10 000 events were collected for each experiment. 
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4. Results and discussion 

The main goal of this thesis is to test the potential of ceria nanoparticles as platform 

for biological applications, in particular as inorganic antioxidant, mimicking enzyme 

activity. This goal has been achieved through a careful selection of the nanoparticle 

synthesis, keeping in mind a fundamental requirement for the final application that is a 

nanoparticle dimension below 10 nm. As it is reported in Paragraph 1.2.6, the size is a 

critical parameter for determining the nanoceria reactivity, especially when radical 

scavenger property is required. This chapter is divided into two parts: the first part 

deals with the study of naked nanoceria and its interaction with the cellular 

environment while the second part is focused on the study of nanoceria in 

nanocomposite materials.  

The first part reports on the nanoceria interactions with three types of cells: PC12, 

ovine oocytes and ram spermatozoa.  

Nanoceria with controlled size have been studied as antioxidant agents for the in vitro 

protection of catecholaminergic cells (PC12) exposed to manganese, which is 

responsible for an occupational form of Parkinson-like disease. With the perspective to 

develop an innovative combined treatment, nanoceria has been tested either alone or in 

association with L-DOPA against the oxidative stress due to manganese chloride. 

Finally, the intracellular concentration of dopamine and its metabolites have been 

monitored as a function of the nanoceria dosing, in order to study the protective role of 

nanoceria on the metabolism of catecholamines. 

As reported in Paragraphs 1.6.2, the in vitro maturation and fertilization of oocytes and 

spermatozoa are strongly affected by ROS, which can determine a defective 

development of the embryo. Therefore, we decide to investigate the capacity of 

nanoceria to neutralize ROS in both germinal cells. Prepubertal ovine oocytes have 

been cultured with different doses of ceria nanoparticles and then the study of 

embryonic development has been carried out. The nanoceria behaviour in TCM199 

media and in water has been evaluated after 2, 4, 6, 8, 10 and 24 h of incubation 
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monitoring the nanoceria aggregation. The study of nanoceria in cumulus cells, both in 

the immature (GV stage) and mature (MII stage) oocytes, has been performed. The 

effects of different doses of nanoceria have been tested on chromatin and cytoskeleton 

morphology of the oocytes. The intracellular ROS productions have been also 

quantified. 

The interaction and the short-term effects of increasing doses of ceria nanoparticles 

have been also investigated in ram spermatozoa, stored at 4°C for up to 24h. In 

particular we have studied the kinematic parameters, the membrane status and DNA 

fragmentation of spermatozoa. Then, we have also evaluated the nanoceria antioxidant 

properties against oxygen species (ROS) production and measured of mitochondrial 

activity. 

The second part of the chapter is focused on the applications of nanoceria in films 

through the creation of multi-phase nanocomposite surfaces. This has been achieved 

with two different approaches: the anchoring of nanoceria on a hybrid organic-

inorganic film with controlled surface chemistry (paragraphs 4.2.1 and 4.2.2 ) and the 

in situ nucleation of nanoceria by a combined top-down and bottom-up approach 

(Paragraphs 4.2.3 and 4.2.4).  

Paragraphs 4.2.1 and 4.2.2 report on the study of the surface chemistry of a hybrid 

films with specific interaction with nanoceria and its controlled release in buffer 

solution. The controlled release of ceria nanoparticles from a hybrid organic-inorganic 

surface is expected to be used in the development of contact lenses based on a slow 

delivery of oxygen scavengers. A solventless synthesis, which used 3-

glycidoxypropyltrimethoxysilane an organically modified alkoxide, of the hybrid films 

at high pH has been employed and the surface chemistry of the deposited films has 

been processed by controlling the aging time of the sol. The prepared hybrid film-ceria 

nanoparticles system has to fulfil the requirements of optical transparency and stability 

in buffer solutions which are necessary for contact lenses production. 
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Paragraphs 4.2.3 and 4.2.4 are focused on the nucleation and growth of nanoceria in 

mesoporous films through deep X-ray lithography and the toxicity evaluation of the 

obtained nanocomposites when they are used for cell culture. The nanocomposite 

films, which are made by mesoporous titania layers loaded with ceria nanoparticles, 

have been obtained by combining bottom-up self-assembly synthesis of a titania 

matrix with top-down hard X-ray lithography of nanocrystalline cerium oxide. At first 

the titania mesopores have been impregnated with the ceria precursor solution and 

then exposed to hard X-rays, which triggered the formation of crystalline cerium 

oxides within the pores inducing the in situ growth of nanoparticles with average size 

of 4 nm. Different types of coordinating agent have been used in the solution for 

nanoparticles formation. Diverse patterns have been also produced through deep X-ray 

lithography by spatially controlling the nanoparticle growth on the micrometer scale. 

The radical scavenging role of the nanocomposite films has been also tested using 

rhodamine 6G as a benchmark for UV photodegradation. Moreover the cellular 

toxicity of titania matrix with embedded nanoceria has been evaluated in PBMC cell 

culture and compare with another type of matrix, such as hafnia and silica. 

 

4.1. Ceria nanoparticles for biomedical applications 

The redox based regenerative anti-oxidant property of nanoceria and the capability of 

neutralizing and reducing ROS have generated deep interest among researchers as a 

potential tool for bio-medical applications. These properties are related to the presence 

of oxygen vacancies on the CeO2 surface, which allows Ce ions to flip-flop between 

two oxidation states.
1
 Since the antioxidant process is strictly correlated to the surface 

property, this effect becomes of extreme relevance when cerium oxide is used in form 

of nanosized particles.
2
 When nanoceria is used in a biological environment, such as in 

cell cultures or animal models, the nanoparticles act as radical scavengers mimicking 

the role of superoxide dismutase and catalase. Compared to organic exogenous 

antioxidants, which are limited by chemical instability,
3
 nanoceria shows the major 
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advantage of an auto-regenerative process.
4
 In fact, the switching of cerium oxidation 

states allows restoring the radical scavenging properties without continuously dosing 

the drug, as in the case of organic exogenous antioxidants. In addition, antioxidant 

processes triggered by nanoceria provide an effective protection not only against ROS, 

but also towards other reactive molecules, such as nitrogen-based species (RNS)
5
 

enabling a simultaneous quenching of dangerous metabolic by-products. The 

applications of nanoceria in biomedical field include protection from radiation 

exposure, cancer therapy, neurodegenerative disease such as Parkinson and Alzheimer, 

cerebral ischemia and hypoxia, vision loss and eye disease, tissue regeneration and 

regenerative disease, endometriosis, etc.
6
 However, the outcomes of ceria 

nanoparticles exposure can vary depending on the cell types.  

 

4.1.1. Nanoceria characterization and functionalization 

Nanoceria for incubation with PC12, oocyte and spermatozoa cells has been 

synthesized by a microwave treatment, a process that allows for a fast fabrication of 

well-dispersed nanoparticles in water without using thermal annealing.
7
 The 

coordinating agent employed in this synthesis is urea, which is a biocompatible 

molecule. After synthesis, the nanoparticles (NPs) have been characterized by XRD 

and TEM to correlate their chemical–physical features with the functional properties. 

The XRD pattern in the 20°–80° 2θ angular range (Fig. 4.1) has been indexed 

according to the cubic fluorite structure of cerianite (JCPDS: 34-0394). The crystal 

size of nanoparticle, calculated by Scherer's equation, is 9 ±1 nm.  
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Fig.4.1 XRD pattern in the 20–80° 2θ range of ceria nanoparticles synthesized by microwave 

treatment. The peaks have been indexed according to the cerianite structure. 

 

The size calculated by XRD is in accordance with nanoparticle diameter as measured 

by bright field TEM characterization (8.5 ± 1.3 nm) suggesting that the nanoparticles 

are formed by single crystals (Fig.4.2) 

 

Fig.4.2 a) TEM image and b) electron diffraction pattern of ceria nanoparticles 
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Infrared spectroscopy has been used to characterize the functionalization of ceria NPs 

with the fluorophore FITC. Fig. 4.3a shows the spectrum of pure NPs in the 3700–400 

cm
-1

 range; the broad band peaked at 3450 cm
-1

 is assigned to the symmetric stretching 

of the hydroxyl group on the nanoparticle surface
8
 while the band at 1600 cm

-1
 is due 

to residual water. The bands below 1460 cm
-1

 (1465, 1319 and 1045 cm
-1

 respectively) 

have been attributed to the formation of CO3
2-

 on the particle surface as a consequence 

of the interaction between CeO2 and atmospheric CO2.
9
 Remarkably, the presence of 

these bands is strongly reduced if the particles are kept in solution.  

Functionalization with FITC has been obtained through modification of the NPs 

surface with an organosilane linker (aminopropyl trimethoxysilane, APTES) 

containing a –NH2 terminal group. Fig. 4.3b shows the change induced in the infrared 

spectra by the successful APTES modification. The broad band peaked at 3450 cm
-1

 

decreases in absorbance, in accordance to the reduced amount of hydroxyls available 

on the NPs surface, while the introduction of aminosilane groups is confirmed by the 

appearance of three bands: the first one, at 1556 cm
-1

, attributed to NH bending of the 

amide bond; the second one, peaked at 2966 cm
-1

, due to CH3 stretching mode and the 

third one, at 2932 cm
-1

, related to CH2 stretching. The broad band at 952 cm
-1

 has been 

assigned to the Ce–O–Si stretching vibration as a consequence of the covalent bond 

between APTES and nanoceria.
10

 Fig.4.3d shows the spectrum of the NH2 modified 

nanoceria after functionalization with FITC. By comparing the spectrum of the pure 

fluorophore, Fig. 4.3c, with that one of the FITC-functionalized nanoparticles, we 

observe the disappearance of the band relative to the isothiocyanate group N˭C˭S (at 

2069 cm
-1

) as a result of the coupling with the amine. A comparison between the 

spectra of Fig. 4.3d and c allows highlighting an increase of the CH2 stretching band at 

2930 cm
-1

 attributed to the fluorescent molecule linked to the ceria NPs.
10 
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Fig.4.3 FTIR absorption spectra in the 3700–400 cm
-1

 range: (a) nanoceria (black line); (b) 

nanoceria functionalized with APTES (red line); (c) FITC (blue line) and (d) nanoceria 

functionalized with APTES and FITC (green line). 

 

 

4.1.2. Nanoceria as a potential drug to treat Parkinson -like disease  

Parkinson like disease (PLD) symptoms are produced by severe neurodegenerative 

processes caused by the interplay of a number of factors, such as environmental or 

genetic risk, age, mitochondrial dysfunction and other conditions leading to a reactive 

oxygen species (ROS) overproduction.
11

 Among the different causes, oxidative stress 

has been widely believed to be an important pathogenetic mechanism of neuronal 

death in the disease, although it is still not clear whether it is an initial event causing 

cell death or a consequence of the disease. The causes of the oxidative stress can be 

found in a large variety of sources and, in some cases, the presence of PLD symptoms 

can be correlated with the exposure to transition metals such as Copper, Lead and 

Manganese.
12

 In particular, chronic manganese intoxication in humans is responsible 

for early psychotic disorder that is later followed by permanent degenerative damage 

in the nigrostriatal system, resulting in a PLD. It is well known that manganese may 

stimulate dopamine (DA) autoxidation in the dopaminergic neuron, resulting in an 
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increase of the quinones levels. The generated quinones are thought to mediate 

toxicity by covalently binding to nucleophilic groups of biological macromolecules.
13

 

In virtue of the multiplicity of its oxidation states (commonly +2, +3, +4, +6 and +7), 

manganese shows a wide range of chemical interactions which becomes even more 

complex in a biological environment. This means that Mn can mimic other ions and 

enter into the brain through different carriers. As well as damage to the dopaminergic 

system, Mn induces mitochondrial dysfunction, impairment of cellular energy 

metabolism, glial activation, neuroinflammation and deep changes in synaptic 

transmission and astrocytes-neurons cross-talk;
14

 all these factors contribute to the 

onset of the PLD. The administration of L-3,4-dihydroxyphenylalanine (L-DOPA), the 

natural precursor of dopamine in catecholaminergic neurons, is the most widely used 

treatment for PD-like syndrome; the alleviation of the symptoms related to the disease 

are due to a replenishment of DA in the surviving neurons. However, although many 

of the symptoms of PLD can be relieved, the therapy is not curative and dopaminergic 

cells continue dying in patients treated with L-DOPA. In fact, L-DOPA can undergo 

autoxidation and enzymatic oxidation, generating a variety of cytotoxic ROS, 

including superoxide, hydrogen peroxide, semiquinones, and quinones
15,16

 which may 

further load the pre-existing condition of oxidative stress. Since L-DOPA induces 

oxidative stress-mediated apoptosis in cultured neuronal cells, the inappropriate L-

DOPA-induced activation of apoptosis might have a role in neuronal death in PLD 

syndrome.
17

 In this work, nanoceria has been tested as an adjuvant drug in the 

treatment of PLD syndrome which is an ideal model to test the nanoceria properties 

applied to neurodegenerative syndromes. The protective effects of nanoceria on 

manganese and L-DOPA-induced cytotoxicity have been evaluated in nerve 

pheochromocytoma cell line, PC12 cells. This cell line exhibits several physiological 

properties which are characteristic of dopaminergic neurons and therefore it is a good 

system for the study of oxidative stress in dopamine-containing cells. 
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- Effect of nanoceria concentration on the PC12 cells viability  

To assess the toxicity of nanoceria, PC12 cells have been exposed to increasing 

concentrations of nanoparticles (from 0 to 5000 mg ml
-1

) and their viability has been 

assessed by MTT assay. Fig. 4.4 shows that nanoceria has not affected on cells 

viability when administered in concentrations from 5 to 100 mg�ml
-1

 but starts 

becoming toxic at concentrations higher than 100 mg�ml
-1

. This results in a statistically 

significant reduction (p < 0.05) of cell viability which gradually decreases in 

comparison with controls from 75%, at a concentration of 500 mg�ml
-1

, down to 57% 

at a concentration of 4000 mg�ml
-1

. MTT assay has allowed evaluating the maximum 

concentration of nanoparticles that does not induce cellular toxicity. According to 

these results, a range between 20 and 100 mg�ml
-1

 has been chosen to evaluate the NPs 

antioxidant effect by apoptosis assay on a cell culture previously exposed to an 

oxidative insult. MnCl2 at a concentration of 750 mM has been selected as the oxidant 

agent to simulate the degenerative processes occurring in PDL syndrome caused by 

chronic manganese intoxication.  

 

 
Fig.4.4 The effect of nanoceria (5–5000 mg ml

-1
) on viability of PC12 for 48 h evaluated by MTT 

assay. § =p < 0.05 versus control group. 
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In Fig. 4.5 a representative flow cytometry profile PI/annexinV performed on cell 

cultures treated with CeO2 and MnCl2 have been shown. The oxidative insult causes a 

27.7% cell apoptosis (Fig. 4.5b) with respect not-treated cells (Fig. 4.5a). However, if 

cells previously treated with 20 mg�ml
-1

 of nanoceria, the apoptotic cell percentage 

dramatically drops to 3.8% (Fig. 4.5d). Fig. 4.5c shows the effect of nanoceria 

administration compared to the control; the data show no significant variations in the 

cell apoptosis, in accordance to the MTT assay and previous studies.
18

 The 

experiments have been reproduced in triplicate as a function of the NPs concentration 

and the averaged results have been reported in a bar plot (Fig. 4.5e). MnCl2 causes 28 

±3.5% of apoptosis, while the injury decreases in the cells pre-treated with nanoceria; 

the PC12 cultures treated with 10, 20, 50 and 100 mg�ml
-1

 of CeO2, in fact, show a 

percentage in apoptosis of 3% ±0.5, 4.5% ±0.5, 2.8% ±0.5 and 3% ±0.4, respectively.  

 

 

 

Fig.4.5 Flow cytometry profile PI/annexinV performed on PC12 cell culture. (a) PC12 control 

cells. (b) PC12 cells treated with MnCl2. (c) PC12 cells treated with nanoceria in a concentration 

of 20 mg�ml
-1

 and with MnCl2 insult. (d) PC12 cells treated with nanoceria. (e) Average results of 

apoptotic PC12 cells treated with different concentration of nanoceria and exposed to MnCl2 

insult. Asterisks indicate statistically significant differences between CeO2-treated PC12 cells vs. 

MnCl2 CTRL (p < 0.01). 
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- Monitoring nanoceria uptake into the PC12 cells 

Flow cytometry with fluorescent nanoceria has been used to assess whether the CeO2 

antioxidant effect occurred indirectly, through ROS quenching in the extracellular 

environment, or directly, as a consequence of intracellular uptake. Fig. 4.6 shows the 

fluorescence intensity of the cells as a function of the nanoceria concentration; the 

median fluorescence intensity (MFI) increases from 9.97 to 137.16 a.u. with the 

increase of NPs concentration from 20 mg�ml
-1 

up to 100 mg�ml
-1

. The cell cultures 

have been treated with trypan blue before cytometry, so that the fluorescence signal 

can be univocally attributed to NPs inside the cells. A higher nanoceria concentration 

causes an increase in the median fluorescence intensity of the cells; this indicates that 

there is an almost linear correlation between the amount of NPs incubated with the 

PC12 cultures and the number of nanoparticles up-taken by the cells.  

 

 
 

Fig.4.6 Median fluorescence intensity (MFI) histogram of the cells as a function 

 of the nanoceria concentration. 

 

To confirm the ceria uptake, PC12 cells fixed on a glass with a gelatin from bovine 

skin, have been analyzed by Raman imaging (Fig. 6a). The image in false color scale 

has been obtained by sampling the area shown in Fig. 6b with a Raman microscope 

and integrating the band peaked at 465 cm
-1

, which is the main absorption band of 

nanoceria in water Fig. 6c.
19

 Fig. 6d shows the difference in the Raman spectrum 
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when the microscope is sampling an area containing nanoceria (black line), in 

comparison with the extracellular area, where no particles are detected (red line).  

 

 

Fig.4.7 Raman imaging of PC12 cells incubated with nanoceria. (a) Raman spectra in the 1300–

200 cm
-1

 range of extracellular environment (red line) and cellular environment (black line); (b) 

optical image of single PC12 cell; (c) Raman spectrum in the 1300–200 cm
-1

 of ceria NPs in water 

solution and (d) Raman image obtained by integrating the active mode of cerium oxide at 465 cm
-

1
. The integrated intensity is reported in false color scale. 

 

The imaging clearly shows the presence of cerium oxide inside the cell due to 

nanoparticles uptake while no signals attributed to nanoceria are visible in the 

extracellular environment. Confocal microscopy has also confirmed the internalization 

of cerium oxide NPs into PC12 cells Fig. 4.8.  After 24 h of incubation with 20 mg� ml
-

1
 of FITC-nanoceria, the highly fluorescent green spots inside the cytoplasm cells 

prove the successful internalization. Z-stack and 3D rendering have confirmed that the 

NPs are effectively inside the cells and not on the cell surface while no evidence of 

NPs in the cell nuclei has been observed. 
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Fig.4.8 3D rendering through side projections of confocal Z-stack confirming ceria nanoparticles 

(green spots) internalization in PC12, as highlighted in the 4X zoom crop. 

 

- Protective effect of nanoceria towards treatment of MnCl2 and MnCl2+ 

L-DOPA  

The most common treatment of PLD syndromes is the administration of L-DOPA, 

which is the natural precursor of dopamine; however the auto- and enzymatic 

oxidation of this compound contributes to further increase of the oxidative stress in the 

cells. We have decided, therefore, to test the effect of administration of nanoceria on 

PC12 cells previously exposed to oxidative stress induced by MnCl2 and potentiated 

by L-DOPA. The cell viability has been measured both by MTT and trypan blue assay 

to cross correlate the results obtained by the two techniques (Fig. 4.9). After the 

MnCl2 insult, the viability is 55% and 65% compared to control, as shown by MTT 

and TB assays, respectively. The difference in these two values can be justified by 
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considering the different outputs of the techniques; MTT measures, in fact, the 

mitochondrial dehydrogenase activity while the TB assay allows direct staining of the 

dead cells. A live cell with reduced dehydrogenase activity, therefore, is accounted as 

“healthy cell” by TB assay although providing a lower contribution in the cell viability 

as assessed by MTT. When PC12 cells are pre-treated with increasing amounts of 

nanoceria, their viability after the MnCl2 injury results enhanced. In particular, the cell 

viability raises of 15% with respect to the control after pre-treatment with 10 and 20 

mg�ml
-1

 of cerium oxide NPs (p < 0.05). The simultaneous administration of MnCl2 

and L-DOPA shows a cell viability slightly lower but not statistically different from 

MnCl2 alone (60% of control) while nanoceria pre-treatment gives a relative 

protection. However, the range of protective concentrations of ceria is lower during 

MnCl2 exposure (10–20 mg�ml
-1

) than MnCl2 + L-DOPA (20–50 mg�ml
-1

). Although 

the ceria-related increase in cell viability is around 10%, both the assays (MTT and 

TP) give a similar value, indicating that the both cell activity and viability are 

statistically enhanced (p < 0.05). 
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Fig.4.9 The effect of nanoceria on viability of cells treated with MnCl2 (0.75 mM) and MnCl2 + L-

DOPA (0.75 mM + 0.02 mM) evaluated by MTT and trypan blue (TB) assays. Several 

concentrations of ceria nanoparticles have been used and the statistically significant relative 

protection has been calculated against MnCl2 alone (* = p < 0.05) and MnCl2 + L-DOPA (# = p < 

0.05). 

To evaluate the dopamine (DA) concentration in untreated and nanoceria-treated PC12 

cells, we have measured its intracellular concentration and that of its metabolites 

dihydroxyphenylacetic acid (DOPAC), 3-methoxytyramine (3-MT) and homovanillic 

acid (HVA) by high performance liquid chromatography with electro-chemical 

detection. Fig. 4.10 shows the changes of the intracellular DA and metabolites content 

after treatments with nanoceria (20 mg�ml
-1

), L-DOPA (0.02 mM), MnCl2 (750 mM) 

and their combinations. Remarkably, the treatment with ceria does not cause any 

change in the intracellular amount of neurochemicals. On the contrary, the MnCl2 

insult causes a strong decrease of the neurochemical catabolities which is around 60%, 

73% and 68% for DA, DOPAC and 3-MT, respectively. The HVA content appears 

almost constant, suggesting a strong resistance towards oxidation; an explanation of 

these responses can be provided considering the oxy-methylation reaction of the 

molecule. On the contrary, another oxy-methylated molecule (3-MT) showed a 

significant decrease after MnCl2 exposure; this behavior could be in relationship with 
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the increased auto-oxidation of its metabolic precursor (DA). Similar decrease in DA, 

DOPAC and 3-MT concentrations has been also observed when MnCl2 is used in 

association with L-DOPA. The co-treatment of MnCl2 with nanoceria induces a 

significant protection on DA content, resulting in a 29% decrease with respect to the 

control value, while the DOPAC and 3-MT contents decrease. The protection of 

nanoceria against oxidation is still present but less pronounced when is used in 

association L-DOPA; in fact, the simultaneous treatment with MnCl2 + nanoceria + L-

DOPA causes a loss in DA, DOPAC and 3-MT content of 41%, 69% and 76%, 

respectively.  

 

 

Fig.4.10 Effects of nanoceria on MnCl2- and L-DOPA-induced changes in DA, 3-MT, HVA and 

DOPAC concentrations in PC12 tissue after 48 h exposure. Results are the means ± SEM of three 

experiments performed in triplicate. # p < 0.05 versus MnCl2 group, * p < 0.05 versus control 

group. 
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The results show that the use of nanoceria to neutralize ROS in PLD oxidative 

processes enhances the therapeutic effects of L-DOPA delaying neuronal cell 

degeneration. Although the antioxidant properties of nanoceria are not significantly 

influenced by the pH,
10

 its role largely depends on the dimension and concentration. 

These parameters have to be carefully controlled to achieve protective effects. In fact, 

nanoceria at concentration of 20 mg�ml
-1

 has a high protective action towards 

oxidative stress caused by Mn
2+

 ions and auto-oxidation of L-DOPA, while, at 

concentration higher than 100 mg�ml
-1

, the cell viability is compromised. On the other 

hand, previous studies have shown the importance of controlling the nanoceria 

dimension; in fact, particles larger than 10 nm exhibit a lower antioxidant activity and 

enhanced photocatalytic properties.
20

 This is the reason why we have carefully kept 

the nanoparticle dimension below this critical size. Understanding nanoceria uptake 

mechanism is also of paramount importance, for this reason we have used two 

different techniques to observe the nanoparticles within the cellular environment. At 

the optimized nanoceria concentration, the nanoparticles result efficiently internalized 

in the cytoplasm of PC12 cells. However no evidence of nanoparticles uptake in the 

cell nuclei has been observed, avoiding potential damaging of the DNA. Interestingly, 

the results of flow cytometry indicate that nanoceria itself is likely able of reducing the 

natural apoptosis ratio of the untreated cells; in fact the nanoceria pre-treated cells 

insulted by MnCl2 show an even lower percentage apoptosis than the control. On the 

other hand, it is also remarkable that L-DOPA does not protect the cells against the 

same oxidative insult. This fact is not surprising, indeed in a previous study
13

 has been 

observed that the L-DOPA enhances the prooxidative effect of manganese and an 

antioxidant (N-acetylcysteine) is only able to partially revert its negative effects on 

PC12 cells. A similar enhancement of the pro-oxidative process has been also 

observed in vivo, in particular in the striatum of freely-moving rats treated with 

manganese and L-DOPA.
21

 This observation has important implications about the role 

of nanoceria during L-DOPA treatment; in fact, the protective effect of nanoceria on 
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MnCl2 + L-DOPA-exposed cells confirms that the auto-oxidation of L-DOPA 

enhances the Mn-related oxidative stress.
13 

 

4.1.3. Role of nanoceria in Oocyte in vitro maturation 

The oxidative stress, related to the increasing in ROS production, is responsible of the 

onset of defective in the embryo development. Several endogenous and exogenous 

factors can enhance the production of oxidative stress altering most type of cellular 

molecules and also inducing development block and retardation.
22

 In a special way, 

the in vitro culture results in higher oxygen concentrations than in vivo environments. 

The role of ROS in IVM and its influence on later embryonic development have some 

relevance. ROS may participate in the meiotic arrest of the oocyte and they are a major 

cause of embryonic developmental arrest and cell death. Oxidative stress during 

meiotic maturation in vitro may induce chromosomal errors that prove undetectable in 

the living oocytes and whose developmental consequences may become manifest after 

fertilization.
23

 The importance of protecting pre-implantation embryo from oxidative 

damage in vitro is being increasingly recognized. To optimise in vitro embryo 

production, oxidative stress must be controlled during the culture.  

Among the large family of engineered nanoparticles, nanoceria is, recently, receiving 

particular attention for its potential applications in germ cells. Few studies have been 

focused on the influence of NPs on mammalian male
24,25

 and female
26,27

 germ cells. In 

vivo administration of CeO2 NPs by intraperitoneal injection did not cause adverse 

consequences on the ovarian tissue and on the rate of oocyte maturation in the 

mouse.
28

 Also, mice with experimentally induced endometriosis showed a significant 

reduction in pathological signs upon in vivo treatment with nanoceria; specifically, the 

treatment prevented or reduced the endometriosis-related adverse effects on the quality 

of oocytes.
29

 Conversely, other studies indicated that, when mouse metaphase II (MII) 

oocytes are exposed to CeO2 NPs, a genotoxicity effect is exerted on follicular cells 

and on the female gamete.
26

 There are no reports, so far, about the effects of CeO2 NPs 
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treatment on meiotic progression of the oocyte or on the consequences of this 

exposure on the preimplantation embryonic development. Most of the data have been 

provided from observations performed in the mouse. No experiments have been 

carried out in large animal models that, in human respects, could be more 

representative of events occurring during follicular growth and oocyte maturation. We 

have tried to evaluate the effect of CeO2 NPs treatment during in vitro maturation of 

prepubertal ovine oocytes, which are characterized by a low developmental 

competence. In particular, the interaction and biological effects on the cumulus oocyte 

complexes and the assessment of their in vitro developmental competence up to 

embryonic preimplantation stage has been examined. To the best of our knowledge, 

this is the first study focused on the nanoceria interaction with the oocytes during in 

vitro maturation on subsequent preimplantation embryonic development. 

 

- Evaluation of nanoceria uptake in oocyte germ cells  

Before being used with the oocytes, the aggregation state and hydrodynamic radius of 

nanoceria have been evaluated by dynamic light scattering (DLS) in different media 

(TCM199 and water), as a function of concentration (44, 88, 220 ȝg/ml) and 

incubation time. A CeO2 NPs concentration of 44 ȝg/ml in water allowed obtaining a 

suspension stable up to 8 hr, with an aggregate size distribution centred around 300 

nm (Fig 4.11a). A higher incubation time caused a larger NPs aggregation; in fact, 

after 10 h, the size of CeO2 aggregates significantly increased up to 1400 nm. Similar 

trend of the aggregate hydrodynamic radius, estimated from DLS analysis, has been 

observed in colloids containing increasing amounts of CeO2 NPs dispersed in TCM 

199 cell culture medium. In particular, after 6 h from dispersion in TCM 199, CeO2 

NPs form aggregates of 300 nm (Fig 4.11b). The aggregation state in water and in 

TCM 199 followed a similar trend when higher concentrations of CeO2 NPs were 

suspended in water and TCM 199. Higher concentrations caused the formation of 

larger aggregates that showed a cyclic aggregation/disaggregation process (Fig. 4.12 
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and 4.13) both in water and in TCM199 medium. The size of the aggregates, however, 

did not cause sedimentation within a time scale of 2-3 h. 

 

 

 

Fig.4.11 Size distribution of CeO2 NPs in water and culture medium. Ceria NPs (44 μg/ml) size 

distribution in water (a, red bars) and in TCM 199 cell culture medium (b, blue bars) at 

increasing incubation times (2, 4, 6, 8, 10, 24 h) measured by DLS. 

 

 

Fig.4.12 Ceria NPs size distribution in water at two different concentrations (a 88 μg/ml and b 220 

μg/ml) measured by DLS at increasing incubation times (2, 4, 6, 8, 10, 24 h). 
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Fig.4.13 Ceria NPs size distribution in TCM199 medium at two different concentrations (a 88 

μg/ml and b 220 μg/ml) measured by DLS at increasing incubation times (2, 4, 6, 8, 10, 24 h). 

 

 

The nanoceria uptake onto the oocyte has been characterized by TEM measurements. 

We employed oocytes derived from prepubertal ovine animals as a model of oocytes 

with low developmental competence. The obtained data show the internalization of 

CeO2 NPs by endocytosis in cumulus cells both in the immature (GV stage) and 

mature (MII stage) oocytes incubated for 2 h and 24 h (Fig 4.14); CeO2 NPs 

aggregates have been observed only in the somatic cells but not inside the oocyte 

cytoplasm. The internalization in the cumulus cells was not homogenous and did not 

depend on the concentration of CeO2 NPs but it has been correlated to the exposure 

time. Immature COCs internalized CeO2 NPs (44 ȝg/ml or 220 ȝg/ml) following 2 h 

of incubation only in the somatic cells localized in the external layers of cumulus 

complex while endosomal trapping has been recorded in the somatic cell in contact 

with the zona pellucida after 24 h of incubation.  

 



  148 

Dott.ssa Alessandra Pinna 

Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 

Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 

Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

     

 

 
Fig. 4.14 Transmission electron microscopy images of cumulus cells and oocytes exposed to CeO2 

NPs. (A) Unexposed immature cumulus oocyte complex (COC); (B) COC exposed to 44 μg/ml of 

CeO2 NPs for 2 h (immature oocyte); (C) Granulosa cell after exposition to 44 μg/ml of CeO2 NPs 

for 2 h; (D) COC exposed to 44 μg/ml of CeO2 NPs for 24 h (mature oocyte); (E) COC exposed to 

220 μg/ml of CeO2 NPs for 24 h (matured oocyte). Arrows indicate the internalization of 

nanoparticles, GR= cumulus cells; ZP= zona pellucida. 

 

 

These experiments partially confirm the observations reported in a recent study carried 

out in mice
26

, on short term in vitro exposure of MII oocytes to different 

concentrations of CeO2 NPs. Ultrastructural analysis, in fact, showed that the 

endocytosis of CeO2 NPs aggregates occurred in follicular cells surrounding the zona 

pellucida (ZP) but not in the oocyte. During in vitro maturation of prepubertal ovine 

oocytes, the internalization of nanoceria only occurred in the follicular cells of the 

cumulus- oocyte complex. Furthermore, we observed that the total absence of CeO2 

NPs in the oocyte was not dependent on either time of exposure or meiotic stage of the 

oocyte. Surprisingly, any internalization of CeO2 NPs has been detected in the 

immature oocyte (germinal vesicle stage – GV), a stage when fully functional 

coupling is established between the somatic and oocyte compartment. In GV oocytes, 

cellular transport throughout the maturation stages occurs via the transzonal 

projections of adjacent granulosa cells, which penetrate the ZP and terminate at the 
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oocyte plasma membrane.
30,31

 Moreover, internalization of CeO2 NPs in the cumulus 

cells during 24 h of exposition progressively involved different layer of cumulus cells 

with a physical gradient. In fact, after incubation of GV oocytes to CeO2 NPs for a 

short time, the internalization has been observed only in the external layers of cumulus 

cells, while, after 24 h, CeO2 NPs were detected inside follicular cells surrounding the 

ZP. This different nanoceria uptake from the somatic cells may be not only time-

dependent, but could be also related to the changes exerted on the cumulus cells by the 

gonadotropins during the in vitro maturation. In particular, follicle stimulating 

hormone (FSH) induces the process of mucification by the reduction of cell-to-cell 

interaction and thus may facilitate the internalization of the CeO2 NPs in the granulosa 

cells adjacent to the ZP
.31

 The distinct uptake of nanoparticles by the cells and their 

effects may also be related to several other factors including aggregation status, 

surface changes, different cell sensitivity and in particular chemical 

composition.
32,33,34,35

 A selective uptake of different nanoparticles, for instance, has 

been reported in the somatic cells and oocyte during in vitro maturation of pig oocytes 

for 46 hr. Gold nanoparticles were easily internalized by oocytes, while silver and 

alloy particles accumulated mainly in the cumulus cell layer surrounding the oocyte.
36

 

This work also showed that neither any of the tested gold nanoparticles or gold-silver 

alloy particles with a silver molar fraction of up to 50% had any impact on oocyte 

maturation. Conversely, alloy nanoparticles with 80% silver molar fraction and pure 

silver nanoparticles inhibited oocyte maturation. The functional significance of the 

progressive internalization of the CeO2 nanoceria in the cumulus cells during the 

oocyte in vitro maturation reported is not completely understood and will be better 

studied in future investigations. 
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- Effects of nanoceria during in vitro oocyte maturation  

Three different nanoceria effects have been studied in oocytes culture: on chromatin 

and cytoskeleton morphology, on intracellular ROS and on in vitro maturation and 

embryo development. 

 

- Effect of CeO2 NPs on chromatin and cytoskeleton morphology of the oocytes.  

The confocal microscope analysis listed in Fig. 4.15 show the effects of different 

concentrations of nanoceria (44, 88 and 220 ȝg/ml) on chromatin, spindle and cortical 

F-actin configuration in oocytes.  

 

Fig. 4.15 Confocal analysis showing the effect of different concentrations of nanoceria during in 

vitro maturation on chromatin, spindle and cortical F-actin of prepubertal ovine oocytes. (I) 

Graph showing normal and abnormal configuration of chromatin, spindle and cortical actin after 

incubation with increasing doses of CeO2 NPs (II) Immunostaining of chromatin (blue), 

microtubules (green) and F-actin (red): normal spindle and chromatin configuration (A); 

abnormal chromatin configuration and irregular spindle (B); activated chromatin and absence of 

spindle (C); normal homogeneous cortical F-actin network immediately beneath the plasma 

membrane (E) in contrast to an irregular and spotted (F) or discontinuous and reduced (G) 

pattern of distribution of microfilaments in the cortical area. 
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The obtained data showed that the oocytes, incubated with 44 ȝg/ml nanoceria have a 

percentage of normal pattern of chromatin, meiotic spindle and cortical F-actin 

assembly comparable to control oocytes and significantly higher than 88 ȝg/l, 220 

ȝg/ml treated oocytes (p<0.05). Conversely, severe alterations of these components 

have been detected when oocytes were exposed to 88 and 220 ȝg/ml of CeO2 NPs. 

The damage to the microfilament network can affects the redistribution of cortical 

granule leading to the polyspermy.
37

 Similar alterations of the cytoskeletal 

components and general reduction of developmental competence have been also 

reported in oocytes recovered from prepubertal ovine subjects that have a reduced 

developmental capacity compared with those collected from adult ewes.
38

 Signs of 

their poor oocyte quality are cytoskeletal and chromatin abnormalities, a significant 

increase of polyspermy and low developmental rate up to the blastocyst stage.
39,40

 The 

production of ROS specifically impacts on the cytoskeletal components of the oocyte 

affecting the meiotic maturation and subsequent embryonic development. The 

beneficial antioxidant effects of nanoceria on the cytoskeletal structures of the oocytes 

have been also confirmed by in vivo experiments performed in mice subjected to 

experimental endometriosis where pathology is characterized by a significant increase 

of oxidative radicals.
29

 

- Effect of nanoceria on intracellular ROS 

As it is reported in Fig. 4.15 II, by the epifluorescence analysis, the levels of ROS 

have been quantified and they resulted in no significantly different among the 

experimental groups (0 ȝg/ml:1.00±0.19; 44 ȝg/ml: 0.67±0.16; 88 ȝg/ml:1.17±0.19; 

220 ȝg/ml:1.16±0.24 pixel/oocyte). However, in the oocytes matured in presence of 44 

ȝg/ml CeO2 NPs the amount of ROS tended to decrease while an increase has been 

observed in the groups of oocytes matured with 88 ȝg/ml e 220 ȝg/ml of CeO2 NPs 

(Fig. 4.16 I). High doses of CeO2 NPs (220 ȝg/ml) induced degenerative effects on the 

somatic cells of the cumulus-oocyte complexes. 
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The adverse effects generated from oxidative molecules, which inevitability occurs 

during in vitro culture, can be reduced by cumulus cells during oocyte maturation 

protecting the female gametes from oxidative stress.
41

 An imbalance between the 

production of reactive oxygen species (ROS) and the intrinsic capacity of oocytes in 

detoxification causes damage to the cellular structures. A correlation between the 

antioxidant capacity of oocyte and subsequent in vitro embryonic development has 

been reported in several species. High content of molecules such as glutathione or 

superoxidismutase in the oocyte is associated to an increase of developmental 

competence in equine
42

 and porcine oocytes.
43

 A reduction of glutathione levels has 

been found in poor quality oocytes in goat
44

and in human oocytes derived from 

potential maternal ageing and post-ovulatory oocyte ageing.
45

 A low concentration of 

glutathione has also been found in oocytes derived from patients with ovarian and 

uterine diseases
46

 and in oocytes collected from prepubertal mice.
37

 Oocytes recovered 

from prepubertal mice have a decreased ability to synthesize glutathione, leading to 

impaired potential to reduce ROS and form male pronuclei and blastocysts. The 

consequence of oxidative stress is a reduction of the intracellular Ca
2+

 store which 

impairs oocyte activation at fertilization. From our experiments we observed that 

nanoceria did not alter significantly the intracellular ROS levels in oocytes at the end 

of in vitro maturation. Possibly, the time and concentration of exposition is triggering 

changes that are more expressed during the preimplantation development. Moreover, 

the significance of slightly up and down level of ROS during oocyte maturation is still 

debated as their increase or decrease has been invariable considered to be related to the 

capability of the oocyte to develop up blastocyst stage. 
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Fig.4.16 ROS levels in lamb oocytes exposed to increasing doses of CeO2 NPs (I) Effects of 

different doses of CeO2 NPs on intracellular ROS levels of lamb oocytes (II). Epifluorescence 

photomicrographs of lamb oocytes matured in vitro with 0, 44, 88, 220 μg/ml nanoceria after 

staining with 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) to detect ROS. 

 

- Effect of nanoceria on oocyte in vitro maturation and embryo development 

The treatment with CeO2 NPs did not significantly affect the in vitro nuclear 

maturation of the oocytes irrespective to the concentration used (Tab.4.1). However, 

CeO2 NPs at the low concentration (44 ȝg/ml) significantly increased the blastocyst 

yield, the total inner cell mass and trophectoderm cell numbers of the blastocysts 

compared to 0 ȝg/mL and 220 ȝg/mL groups as it has been shown in Tab.4.2.  
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CeO2 

NPs 

(µg/mL) 

N° 

oocytes 

N° MII 

(%) 

N° cleaved embryos 

(%) 

      24 h             30h 

N° blastocysts 

(%) 

0 129 102 (79.0) 29 (28.4) 72 (70.6)
a
 9  (12.5)

a
 

44 127 104 (81.1) 28 (26.9) 81 (77.8)
a
 29 (35.8)

b
 

88 109 95 (87.1) 20 (21.0) 51 (53.7)
b
 7  (13.7)

a
 

220 110 91 (82.7) 17 (18.7) 66 (72.5)
a
 6   (9.0)

a
 

Tab.4.1 Effect of different doses of CeO2 NPs on in vitro nuclear maturation, cleavage and embryo 

development of prepubertal ovine oocytes. a vs b P<0.05. 

 

 

 

CeO2 

NPs 

(µg/mL) 

N° 

Blastocysts 

Embryo cell number (mean ± s.e.m.) 

 

      Total                  ICM                         TE 

0 9 63.22±3.25 6.89±0.54
a
 56.33±2.78

a
 

44 29 105.21±2.15 12.45±0.65
b
 92.76±2.13

b
 

88 7 96.28±6.82 10.14±1.45
ab

 86.14±5.40
bc

 

220 6 67±7.98 4.83±0.60
a
 62.17±7.64

ac
 

 
Tab.4.2Total, Inner Cell Mass (ICM) and Trophectoderm cells (TE) number of 

 blastocysts in vitro produced from prepubertal ovine oocyte matured in presence 

of different concentrations of CeO2 NPs. a vs b vs c P<0.05 
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These results indicate that poor developmentally competent oocytes, matured in 

presence of low concentration of CeO2 NPs, were able to develop up to blastocyst 

stage in a significant high percentage. The quality of blastocysts has been improved 

under these culture conditions as demonstrated by the increase of the total number of 

cells and the inner cell mass and trophectoderm cells. The lowest nanoceria 

concentration has not any obvious cytotoxic effect, even though the concentration used 

was significantly higher than those expected following environmental exposure. This 

may indicate that the impact of environmental exposure of nanoceria on the oocyte is 

low. Furthermore, we have not observed any internalization of CeO2 NPs in the 

cytoplasm of oocytes at immature stage, a phase where there is a functional coupling 

between oocyte and somatic cells. All these data open the view for possible 

biomedical application of nanoceria during the in vitro maturation of the oocyte with a 

low competence. However, the hypothesis of a possible bioaccumulation in the ovary 

and genotoxic effect after longer exposure needs to be further investigated at the 

molecular level. 

4.1.4. Spermatozoa germ cells-nanoceria interaction 

Limited information has been reported about the cellular and tissue effects of NPs in 

the reproductive system. It has been demonstrated that they can cross the hemato-

testicular barrier.
47,48

 Recently, the effects of gold and silver NPs on spermatozoa have 

been evaluated, reporting that gold NPs do not have any effect and silver NPs are no 

detrimental for spermatozoa.
49

 Similarly, gold and silver NPs do not affect vitality and 

motility parameters of human spermatozoa.
50

 On the contrary, bovine spermatozoa 

incubated with gold NPs display alterations in the decondensation of chromatin
51

 and 

exposure to silver led to cytotoxicity and genotoxicity of testicular cells in the 

mouse.
52

 

Much less is known about the potential anti-oxidant effects of CeO2 NPs in the 

reproductive system and gametes. In male rats, for example, nanoceria can trespass the 

hemato-testicular barrier and accumulate in the testis and epididymis,
53

 and it has been 
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shown that the supplementation of CeO2 NPs in the diet leads to an improvement in 

fertility through a reduction in oxidative stress.
54

 The male gamete is highly 

susceptible to oxidative stress. Although physiological levels of ROS are required for 

key events such as capacitation and acrosome reaction, an over production can lead to 

an impairment of the fertilizing ability. In particular, ram spermatozoa are more 

sensitive to oxidative stress compared to other species
55

 and a wide range of anti-

oxidant substances have been tested to  improve the quality of stored semen.
56

 

However, results are often controversial or show little improvement in semen quality. 

This paragraph focuses on the interaction and the short-term effects of increasing 

doses of nanoceria on ram spermatozoa, stored at 4°C for up to 24h, on the kinematic 

parameters, membrane status and DNA fragmentation. Moreover the antioxidant 

properties of these NPs on ROS production and mitochondrial activity have been also 

tested. 

 

- Study of nanoceria uptake in spermatozoa 

Before studying the nanoceria-spermatozoa interaction and then their up-take in germ 

cells,  nanoparticles aggregation and hydrodynamic radius have been evaluated in 

OVIXcell medium as a function of concentration (22, 44, 220 ȝg/ml) and incubation 

time (0, 2 and 24h) by dynamic light scattering (DLS). 

A CeO2 concentration of 22 and 44ȝg/ml in medium allowed obtaining a suspension 

stable up to 24 h, with an aggregate size distribution centred around 180 nm (Fig4.17a 

and 4.17b). While the colloid with higher concentrations of CeO2 (220 ȝg/ml) shows a 

formation of larger aggregates with a size of 250 nm (Fig.4.17c). The nanoceria 

suspension shows a monodisperse distribution in OVIXcell medium at all 

concentrations until 24h. The presence of protein in OVIXcell medium lead to the 

formation of protein corona
57

 on a nanoceria surface which allowed to obtain a stable 

colloidal suspension until 24 h. 
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Fig.4.17  Ceria NPs size distribution in OVIXcell at concentration of a) 22 μg/ml  b) 44 μg/ml and 

c) 220 μg/ml measured by DLS at increasing incubation times (from left to right 0, 2, 24 h). 

 

To understand the fate of nanoceria during 24h in spermatozoa at 4°C, TEM analysis 

has been performed. Fig. 18 shows no intracellular CeO2 NPs uptake by spermatozoa 

regardless of dose; only an occasional contact between nanoparticles and cells has 

been observed, mostly in the plasma membrane of sperm head (Fig.18a). All these 

findings indicate a high tolerance of ram semen to CeO2 NPs. The concentrations 

chosen for the present experiment are similar to those used in previous studies 

exposing different types of somatic cells to CeO2 NPs
58,59,60,61

 and far above the levels 

commonly dispersed in the environment (in water 0.024 mg/l
62

, in soil 1.12 mg/kg
63

). 

The present study is the first reporting the effects of increasing concentration of ceria 

nanoparticles on mammalian spermatozoa during 24h of exposure at 4°C.  
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Fig.4.18 Transmission Electron Microscopy (TEM) images (a and b) showing occasional contacts 

between nanoceria (NPs) and the cytoplasmic membrane (cM) . No signs of evident uptake and 

absence of NPs in the nucleus (Nu) were seen. Ac: Acrosome. 

 

The interaction between nanoparticles and spermatozoa has been mainly investigated 

to evaluate their potential use in the sperm-mediated gene transfer (SMGT) into the 

oocyte. Nanoparticles might improve the DNA internalization by the sperm allowing 

the introduction of the transgene to the future embryo
64

,
65

 and optimize the transport of 

proteins by the sperm into the oocyte.
66

 However, the intracellular uptake of 

nanoparticles by the spermatozoa seems to be strictly dependent on their nature (size, 

charge, and coating) and on the chemical composition, but it could also be related to 

the experimental species used. On this regard, internalization of gold nanoparticles 

(AuNPs) into the sperm head has been observed in human semen
50,67

 while, in the 

bovine, only attachment of AuNPs to the cell membrane of spermatozoa has been 

reported, without any internalization of AuNPs.
68

 Uptake of Fe3O4–PVA, Eu2O3, 

PVP–Eu(OH)3 NP, PVA–Eu(OH)3
66,69 

and bio-conjugated CdSe/ZnS quantum dots
70

 

into spermatozoa has been described; conversely, silver and silver alloy nanoparticles 

are not internalized in bovine, porcine and human semen.
71

 Among the different NPs, 

few reports are available about the interaction of CeO2 NPs on female and male 

gametes. The results are in agreement with previous studies where the spermatozoa 

have been incubated with different types of nanoparticles.
71

 The absence of uptake of 
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NPs by the spermatozoa could be explained by the lack in these cells of active 

mechanisms of endocytosis. 

 

- Nanoceria effects on the main kinematic spermatozoa parameters 

The spermatozoa kinematic parameters measured by CASA analysis, at different time 

points (0, 2 and 24 h), show that the incubation at 4°C with increasing doses of 

nanoceria has no effect on main motility parameters of ram semen and total 

progressive motility. In fact, as it is shown in Fig.4.19 a and b, no significant 

differences have been observed among groups for total (TM) and progressive motility 

(PM) respectively. Moreover the Fig.4.20 demonstrates that the secondary kinematic 

parameters such as VAP, VSL, VCL, ALH, BCF, STR and LIN, which are considered 

in the ram
72

 and the bull
73

 indicators of in vivo fertility, are not affected by co-

incubation with CeO2 NPs in the 24h. 
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Fig.4.19 CASA analysis of a) Total and b) Progressive motility of ram semen exposed to 

increasing doses of nanoceria up to 24 h at 4°C. Results are shown as means ± SEM. 
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Fig.4.20 Secondary motility parameters of ram semen assessed by CASA after 0, 2 and 24 h of 

exposure at 4° C to different doses of nanoceria. Results are shown as means ± SEM. 
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The data relating to the velocity distribution and the morphology of the spermatozoa 

among groups are reported in details in Table 4.3. It is clear that there are no 

significant differences in morphology and in velocity between the spermatozoa treated 

and no treated with nanoceria at different concentration and time exposure.  

 

Time of 

exposure 

(h) 

CeO2 NPs 

(µg/mL) 

Morphology Velocity Distribution 

Elongation Area Rapid Medium Slow Static 

0 Fresh control 42.00±3.19 18.83±0.84 73.11±4.55 12.67±2.13 2.78±0.60 11.33±3.67 

2 

0 34.33±1.03 24.74±1.16 81.89±1.56 11.67±1.22 1.83±0.27 4.67±0.88 

22 34.33±1.03 27.52±1.76 74.59±2.86 16.50±1.81 2.78±0.62 6.06±1.01 

44 36.22±1.14 25.31±1.01 77.50±3.08 14.17±1.64 3.39±0.98 4.94±0.91 

220 38.56±2.30 23.33±0.77 78.94±2.68 13.22±1.43 3.33±0.54 4.67±0.87 

24 

0 33.72±1.14 23.99±0.51 62.50±3.24 22.56±1.36 4.72±0.88 10.17±1.71 

22 37.94±1.49 21.99±0.66 58.44±1.68 27.56±0.93 3.83±0.61 10.39±1.27 

44 34.33±1.67 24.24±0.86 58.17±2.30 28.11±1.52 4.11±0.75 9.89±1.37 

220 35.22±1.55 22.94±1.43 66.33±2.26 21.22±2.19 3.17±0.31 9.28±1.19 

Tab.4.3 CASA analysis of morphology parameters and velocity distribution in ram semen 

exposed to increasing doses of CeO2 NPs up to 24 h at 4°C. Results are shown as means ± SEM. 

 

In reproductive biology the knowledge about the kinetics, transport and accumulation 

dynamics of nanoparticles in male and female gametes and their effects on the 

potential fertility is far away to be exhaustive and often controversial, as recently 

reviewed by Barkalina et al.
74

 Sperm motility parameters represent an indirect 

predictor of male fertility, since they indicate the ability of moving progressively 

through the female genital tract and to fertilize the oocyte.
72

 Impairment of motility in 

the male gamete leads unequivocally to the reduction of fertilizing ability. A decrease 

in spermatozoa motility has been reported in the bovine after exposure to europium 

oxide,
69

 and to Au NPs.
75

 Similar reduction of motility has been observed in human 
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fresh semen exposed to Au NPs
67

 and to Ag NPs.
76

 Conversely, motility and acrosome 

reaction of bovine sperm cells are not affected by exposure to magnetic iron oxide NPs 

(Fe3O4-NPs) coated with polyvinyl alcohol
69,77

 or to europium hydroxide NPs 

(EuOH3-NPs) conjugated with polyvinyl alcohol or polyvinylpyrrolidone.
69

 In the rat, 

CeO2 NPs supplemented with the diet, leads to a significant improvement of motility 

and viability of epididymal sperm.
54

 

 

- Nanoceria effects on membrane , DNA and mitochondria  

The assessment of the acrosome and plasma membranes, by PI and PSA staining, 

among the treated groups of ram semen exposed to increasing doses of nanoceria 

shows significant morphological changes in the membrane status (Fig.4.21). Usually, 

changes of these structures, as sperm capacitation and acrosome reaction, are involved 

in the fertilization, and any alteration or damage might compromise the functionality 

of the spermatozoa. These findings are in agreement with previous studies carried out 

on boar spermatozoa exposed to engineered nanoparticles. In fact, it has been reported 

that the co-incubation for a short time with nanoparticles of mesoporous silica,
74

 gold 

and silver
36

, cadmium selenide and zinc sulphide quantum dot
70 

do induce any 

significant alteration of the integrity of sperm membranes showing that these 

nanoparticles do not exert any detrimental mechanical or chemical effects on the 

sperm cells. 
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Fig.4.21 Membrane integrity and acrosome status in ram spermatozoa exposed to increasing 

doses of CeO2 NPs assessed by PI and PSA staining. No significant differences in any of the classes 

of stained spermatozoa was observed (P>0.05). 

 

The DNA fragmentation index (DFI) analysis has been performed to assess the effects 

of nanoceria on DNA in ram semen. Fig.4.22 shows that the exposure to increasing 

doses of nanoceria have no detrimental effects on the DNA of the spermatozoa while 

time had significant effects on it. Our findings clearly demonstrate that the exposure of 

ram spermatozoa to CeO2 NPs up to 24 h does not increase the DNA fragmentation 

index even in presence of elevated concentrations of CeO2 NPs indicating a high 

biocompatibility. It has been reported that the exposure of sperm cells to NPs causes 

genotoxic alteration with an increase of spermatozoa with fragmented DNA. 

Genotoxic effect on male germ cells has been observed in testicular cells of mouse 

after exposure to silver nanoparticles
52

 and in bovine spermatozoa incubated with 

ultra-small gold nanoparticles.
51

 Moreover, treatment of mouse epididymal sperm with 

gold nanoparticles (Au-NPs) results in inhibition of the chromatin decondensation 

process
78

 and a dose-dependent induction of DNA damage has been observed in 

human spermatozoa exposed to TiO2-NPs and Zinc Oxide nanoparticles (ZnO-NPs).
79

 

The integrity of sperm DNA is correlated to the fertilizing ability.  
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Fig.4.22 DNA fragmentation index in ram spermatozoa exposed to increasing doses of CeO2 NPs 

for 24h at 4°C. No significant effects of the treatment on DNA integrity was observed (P>0.05). 

 

The maintenance of morphological and functional parameters during semen storage is 

related to several factors such as temperature, energy supply, and production of ROS. 

Ram spermatozoa are very sensitive to oxidative stress and ROS production leads in 

the male gamete to the impairment of its fertilizing ability, compromising the integrity 

of the membranes and the activity of mitochondria. 
80,81

 

The ROS production and the mitochondrial activity of spermatozoa after exposure to 

nanoceria have been evaluated by using a fluorescent molecule 2’,7’ 

dichlorofluorescein diacetate (H2DCFDA). Neither the time, nor the dose of nanoceria 

affects the oxidative status after 24 h of incubation. The levels of ROS in the treated 

groups are stable throughout the 24 hours of incubation at 4°C and do not differ from 

the untreated group, showing that the presence of nanoparticles does not exert either a 

pro or anti-oxidant activity (Fig.4.23a). This observation is supported by the analysis 

of mitochondrial activity (Fig. 4.23b) that is not affected by the presence of NPs. We 

can speculate that the anti-oxidant activity of CeO2 NPs might be exerted in biological 

systems affected by strong oxidative stress. In fact in this study, spermatozoa have 

been submitted to a mild stressing source (the storage at 4°C), and after 24 hours the 

functional and morphological parameters of control and treated groups have been 
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highly satisfactory. This suggests the need for further investigations on the effects of 

these NPs on ram spermatozoa for different stressing conditions, such as for example, 

longer incubation times and lower temperatures. Moreover, the absence of effects of 

nanoceria on the redox system of ram semen could be also related to a species-specific 

sensitivity. Recently negative influences of CeO2 NPs due to oxidative stress, 

genotoxic and mechanical effects have been reported in mouse sperm cells during in 

vitro fertilization.
82

 

 

Fig.4.23 ROS production (a) and mitochondrial activity (b) by ram spermatozoa following 24h of 

exposure to increasing doses of nanoceria. 
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4.2. Ceria based nanocomposite coatings and their potential  

bio - applications 

Development of new nanomaterials with oxide nanoparticles grafted or embedded with 

pores on hybrid organic-inorganic surfaces or on oxide matrices have gained much 

attention in material science because of the increasing applications of such 

nanocomposites in medical diagnostics, in biology, chemistry and etc.  

Oxide nanoparticles, such as ceria, titania and superparamagnetic iron oxide 

nanoparticles (SPIONs), exhibit a number of remarkable functional properties, which 

make them the subject of an extensive research in several fields. Nanoparticles are 

usually dispersed in liquid phase to form a colloid and applied to a number of 

applications such as antibacterial treatment, contrast agent for magnetic resonance 

imaging,
83,84

 ultrasensitive detection of biomolecules, etc. Interesting applications, 

however, could be revealed by the grafting of nanoparticles to flat surfaces for the 

development of functional coatings with a large tuning of the interface properties. 

Different applications can be envisaged for these systems, such as, for instance, the 

design of antibacterial coatings produced with low-cost materials
85

 or the easy fabrication 

of superhydrophobic surfaces by tuning the roughness with grafted nanoparticles.
86

 Up to 

now, only few pioneering studies have tried to develop this approach; Aboulaich et al.
 87

 

have optimized a non-hydrolytic method for the synthesis of reactive anatase 

nanoparticles affording to a simple way to form nanoparticles monolayers. Despite the 

potential of such systems, the difficulty of obtaining a controlled nanoparticle grafting on 

different types of surfaces has represented until now a severe limitation for an extensive 

application of this approach. To strengthen the interactions between nanoparticles and 

surface, it is often applied a chemical modification of the nanoparticle surface using 

specific surfactant during the synthesis
88

 or by post-functionalization with reactive groups 

such as amine, epoxide and vinyl. This method offers the advantage of increasing the 

nanoparticle solubility, avoiding the formation of aggregates and can also be exploited for 

selective binding of further molecules on the particle surface. Another possibility is the 
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chemical functionalization of the substrate, in order to obtain chemically bound 

nanoparticles. Although being effective, however, these routes are multistep and time-

consuming processes that could lead to unwanted changes in the material properties due 

to the chemical modification at the NPs-coating interface. A direct grafting of 

nanoparticles onto films would overcome this drawback, although requiring changes of 

the surface properties without any chemical functionalization.
89

  To obtain a thin layer of 

grafted nanoparticles on a suitable substrate, therefore, we have tried to deposit a thick 

film made of hybrid organic–inorganic material and then use it as a substrate. The 

advantage offered by this class of materials is the possibility of tuning the properties 

through small changes in the chemistry and processing. In particular, hybrids prepared 

employing 3-glycidoxypropyltrimethoxysilane (GPTMS) as a precursor offer several 

advantages because the structure and the surface can be designed through control of the 

epoxide opening and silica sol to gel reactions (Scheme 1). The epoxide reactivity has not 

only a strong influence on the material structure, but also affects the surface properties; in 

fact, when the epoxide groups are closed, the hybrid surface is relatively more 

hydrophobic, while with the growing number of hydroxyls moieties deriving from the 

epoxy opening reaction, the surface becomes increasingly hydrophilic.
 90,91

 The GPTMS 

hybrids on the other hand show also excellent optical properties and have been used to 

prepare different types of photonic devices, such as planar waveguides,
92

 optical 

limiters,
93

 and nonlinear optical materials.
94,95,96

 The optical transparency and the 

antiscratch properties exhibited by GPTMS hybrids have also made this material a 

successful product in the market for optical contact lenses.
97,98,99

  

 

Scheme 4.1Reaction scheme of GPTMS with aqueous NaOH (pH 14) 
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It is, therefore, possible, to some extent, tuning the surface properties, which can be used 

for an oxide nanoparticle selective binding. In this thesis, we have then decided to test the 

orthogonal grafting of GPTMS films, by using two types of nanoparticles, nanoceria and 

SPIONs nanoparticles. The very basic idea in the case of nanoceria is to develop a new 

type of GPTMS material for potential application as functional contact lenses with 

advanced properties, which should be able not only to correct the vision problems of the 

eyes, but that could potentially play an active role on protecting them from degeneration 

processes. Topical delivery of ceria nanoparticles through eye drops, which is the 

simplest ophthalmic option, is not very efficient and in some cases some serious side 

effects
100,101

 can arise. An alternative is the delivery through soft contact lenses which 

should slowly release the nanoparticles as an ophthalmic drug delivery system. We report 

in this work an example of GPTMS hybrid whose surface is covered with ceria 

nanoparticles that are able to be slowly released when immersed in a buffer solution. 

While the use of SPIONs as a second type of nanoparticles, to test the orthogonal grafting 

of GPTMS films, is related to the fact that they are an highly attractive class of 

nanomaterials for the prospected applications in surface enhanced Raman scattering and 

as antibacterial surface in biology.
102,103,104

 Despite SPIONs are one of the most studied 

class of functional nanomaterials, they are rarely used onto films surfaces because of the 

lack of reliable grafting methods. For example, self-assembly via Langmuir–Blodgett 

deposition requires the functionalization of nanoparticles and cannot be applied to any 

surface.
105

 We have directly grafted SPIONs onto GPTMS films to produce functional 

layers, with no need of previous chemical functionalization, and the grafting obtained 

with SPIONs has been compared with that obtained with nanoceria as a function of the 

hybrid film processing. 
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4.2.1. Orthogonal grafting of oxide nanoparticles on hybrid film 

Nanoceria has been synthesized using CTAB as coordinating agent and a microwave 

treatment. This synthesis has allowed obtaining a good control of dimension and size 

distribution of the particles. The XRD pattern in the angular range 25−75° of the CeO2 

NPs after the microwave treatment (Fig.4.24), shows diffraction peaks that correspond 

to the (111), (200), (220), (311), (222), and (400) planes for the cubic fluorite structure 

of CeO2 cerianite (JCPDS:  34−0394). The patterns have been analyzed according to 

the Rietveld method,
106

 using the program MAUD
107

 running on a personal computer. 

The Rietveld fit gives 14.55 ± 2.3 nm for the crystallite size and 0.54 ± 0.37 nm for 

lattice parameter a, which is the same as the one reported for CeO2 in the standard data 

(a = 0.5411 nm, space group Fm3m) (JCPDS: 34−0394).  

 

 
Fig.4.24 XRD pattern (black dots) of ceria nanoparticles after microwaves treatment; the Rietveld 

fit is shown with a continuous blue line. At the bottom of the figure is reported the curve of 

residuals Icalcs 
1/2

 − Iexp 
1/2

 (black line). 

 

The aqueous dispersion of nanoceria has been also characterized by UV−vis 

spectroscopy; Figure 4.25 shows the UV−vis absorption spectrum in the 250 - 550 nm 

intervals, the concentration of ceria NPs is 80 mg ml
−1

. The sample shows a strong 
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absorption with a well-defined absorbance peak at around 310 nm (4eV). The 

absorption in this region is due to the charge-transfer transitions from O 2p to Ce 4f, 

which overruns the f−f spin−orbit splitting of the Ce 4f state.
108,109

 As reported in 

previous works, the broad absorption from 310 nm up to 500 nm is likely due to 

Rayleigh scattering of the nanoparticles in solution.
110

 

 

Fig.4.25 UV-Vis absorption spectrum in the 250 - 550 nm interval of an aqueous dispersion of 

nanoceria. 

 

The synthesis of organic–inorganic films has been performed in highly basic 

conditions (pH 14) using GPTMS as precursor. This type of synthesis has the 

advantage to allow tuning the structure and surface of the hybrid films through aging 

of the precursor sol. In fact, the aging controls the extent of sol to gel reactions and 

affects the condensation degree of the inorganic silica network and at the same time 

the opening of the epoxides, which form organic chains into the hybrid. A high pH in 

the precursor sol promotes a very fast hydrolysis while it slows down the silica 

condensation and epoxide opening. This means that films deposited from a fresh sol 

will have a larger amount of unreacted epoxides, which will open and react with aging 
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of the sol.
111

 FTIR spectroscopy has been used to study the structure and surface of the 

films in order to determine how these changes could affect the grafting of the SPIONs 

and nanoceria (Scheme 4.2). 

 

 

Scheme 4.2 Representation of the synthetic process involving the deposition of GPTMS films 

prepared by fresh and aged sol and subsequent grafting of SPIONs and ceria nanoparticles 

 

Fig.4.26a shows the FTIR absorption spectra in the 3100−2750 cm
−1

 range of GPTMS 

films prepared from a fresh sol (black line) and 6 days aged sol (red line). This 

wavenumber interval corresponds to the CH2 stretching region with the two main 

bands around 2920 and 2880 cm
−1

 which are assigned to CH2 antisymmetric (CH2, 

Ȟasym) and CH2 symmetric stretching (CH2, Ȟsym), respectively (spectra a and b in 

Fig. 4.26 have been normalized with respect to the band at 2850 cm
−1

; baseline has 

been obtained using a rubberband function). These two main bands overlap with two 

absorption peaks, in particular at 3050 and 2955 cm
−1

, which are attributed to 
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stretching modes of terminal CH2 groups of the epoxides in GPTMS; another 

overlapped band at smaller wavenumbers around 2800 cm
−1

 is also assigned to 

epoxides.
112

 These bands disappear in the aged sol sample, indicating that the epoxides 

full reacted upon aging; the same FTIR spectra in the region of Si−O−Si 

antisymmetric stretching mode
113

 (1240− 950 cm
−1

 range, Fig.4.26b) indicate that the 

silica condensation is higher in the 6 days aged sol with respect to the fresh one. The 

wide intense band peaking around 1110 cm
−1

 (Si−O−Si, Ȟasym), in fact, increases in 

intensity and the shoulder at 1150 cm
−1

 due to unreacted alkoxy groups disappears.
32

 

These changes clearly show that in films prepared from an aged sol the silica 

backbone is much more interconnected.  

Fig.4.26 (a) FTIR absorption spectra in the 3100−2750 cm
−1

 and (b) in the 1240−950 cm
−1

 range of 

GPTMS films prepared from a fresh sol (black line) and 6 days aged sol (red line). 

 

The extent of the condensation reactions affects also the hybrid film surface which 

becomes more and more hydrophilic in the samples prepared using a sol of longer 

aging times; the contact angle of the surface decreases from 55° in fresh sol films to 

around 32° in 6 days aged sol samples (Fig.4.27). A relative comparison of the contact 

angle change as a function of the amount of hydroxyls shows that there is a good 

correlation between the decrease in contact angle and the increase in hydroxyls content 

with sol aging.  



  174 

Dott.ssa Alessandra Pinna 

Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 

Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 

Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

     

 

 
Fig.4.27Change of contact angle and OH stretching band absorbance (~3430 cm

−1
 band) in 

GPTMS films as a function of aging time. The lines are a guide for the eye. 

 

The amount of hydroxyls has been evaluated on the ground of the OH stretching 

band
113

 intensity around 3430 cm
−1

 from spectra normalized with respect to the band 

at 2850 cm
−1

 (Fig.4.28). The trend shown by the OH content is counterintuitive, 

because it should be expected that the amount of silanols decreases with the increase 

in aging time and the proceed of the polycondensation reactions. In this case, however, 

the presence of the epoxy groups which are hydrophobic changes the scenario; the 

epoxides at this high pH value (≈14) do not open all at the same time but slowly react 

with the aging time. When more and more epoxides react, they form a more 

hydrophilic environment, which is due to an increase of hydroxyl groups; this change 

also strongly affects the surface, which becomes more hydrophilic, as shown by the 

decrease in contact angle (Fig.4.27). 
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Fig.4.28 FTIR Absorption spectra in the range 3600-3120 cm
-1

 of GPTMS hybrid films as a 

function of the aging time. The legend is referred to the number of aging days. 

 

- Post grafting functionalization of  GPTMS film with ceria  

The grafting of ceria nanoparticles on the surface of GPTMS films has been done 

considering that some peculiar properties are required. The surface of the film should 

allow an efficient and robust grafting of the NPS but, at the same time, the system 

should response when immersed in a buffer solution by slowly releasing the particles 

and maintaining an optical transparency of the film. The result of the grafting process 

has been tested by several techniques, UV−vis, XRD, TEM and AFM. Fig.4.29 shows 

the UV−vis absorption spectra in the 250−550 nm range of hybrid films with grafted 

CeO2 NPs in the case of GPTMS with open epoxides (6 days aging, red line), and 

GPTMS with closed epoxides (fresh sol, blue line), GPTMS hybrid film spectrum 

obtained from 6 days aged sol is also reported as reference (black line). The spectra 

show that the grafting process is effective only in the case of GPTMS films which 

have been prepared from an aged sol and whose epoxides have been opened; the 
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UV−vis spectrum exhibits in fact the typical signature of the ceria NPs as can be 

estimated by comparing this spectrum with that one in Fig. 4.25 of pure ceria. 

 
Fig.4.29 UV−vis absorption spectra in the 250−550 nm range of hybrid films; GPTMS with open 

epoxides (6 days aging, red line) grafted with CeO2 NPs, GPTMS with closed epoxides (fresh sol, 

blue line) grafted with CeO2 NPs, reference spectra of a GPTMS hybrid film (6 days aged, black 

line). The inset shows the optical image of the 6 days aged film with grafted ceria nanoparticles. 

 

On the other hand, the hybrid reference film with open epoxides shows a high optical 

transparency while the sample with closed epoxides has only a not-structured small 

diffuse absorption from 350 to 250 nm, very likely due to a small amount of grafted 

particles. To confirm the successful grafting of ceria nanoparticles on the GPTMS 

hybrid film prepared from the aged sol, we have performed XRD analysis at grazing 

incidence on the coating. The sample shows a diffraction pattern which is assigned to 

cerianite NPs (Fig.4.30a), in accordance to XRD characterization of the ceria NPs in 

Fig.4.24; grafting the nanoparticles using the same protocol on the GPTMS fresh sol 

film does not work and no diffraction patterns have been recorded from this sample 

(Fig.4.30b). The XRD and UV−vis spectra are well in agreement each other and 
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indicate that grafting of ceria NPs is possible only on samples prepared from aged sols 

(open epoxide).  

 

 
Fig.4.30 (a) XRD pattern of ceria nanoparticles grafted on the GPTMS hybrid film prepared 

from an aged sol (open epoxides) and (b) from a fresh sol (closed epoxides). The diffraction peaks 

from the silicon substrate are indicated by an asterisk. 

 

We have also taken some fragments from the surface of the films to be analyzed by 

TEM; the bright and dark field images are shown in images a and b in Fig.4.31, 

respectively. The nanoceria appears well distributed within the sample and the 

dimension is in the range between 20 and 50 nm.  
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Fig.4.31 TEM images of a fragment taken from a GPTMS hybrid film with grafted nanoceria 

with open epoxides (prepared from the coating sol aged for 6 days). a) Bright and b) dark field 

image. 

 

The samples surface has been analyzed by AFM, as shown Fig.4.32a and b 

respectively; the surface roughness topography of the GPTMS film before and after 

ceria grafting is also shown as inset in the same figures. The bare GPTMS surface 

appears smooth with a calculated root-mean-square (rms) of 0.73 nm, while after 

nanoparticles grafting the rms value increases to 22.31 nm. It is also interesting to 

observe that the topography of the film surface after particle grafting seems basically 

composed by a bimodal distribution which is given by two Gaussian components one 

centred around 50 nm and another one around 75 nm; this should indicate that the 

particles are distributed quite homogeneously on the film surface and some particles 

get closer to form small clusters, which increase the surface roughness.  
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Fig.4.32 AFM images of the GPTMS film (a) before and (b) after ceria grafting. The surface 

roughness topography of the two images is reported as inset. 

 

The previous data show that the GPTMS surface plays a primary role in the grafting 

process of the particles and that within some limits the surface itself can be used as a 

chemical switch with on-off response to nanoceria bonding. This property is directly 

correlated with the aging of the precursor sol which is used for the deposition, which 

means with the proceed of the polycondensation reactions of both the organic 

(epoxides) and the inorganic species (the silanols). Only when the epoxide has 

completely reacted (between 2 and 3 days of aging) the film will allow a successful 

grafting on the surface of the particles. The FTIR data show that with aging and 

opening of the epoxides more OH species are detected, they are the bonding sites 

which should favor the grafting between condensation reaction of OH species on the 

film and surface particles. The increase of hydrophilicity with aging also increases the 

surface wettability and the grafting efficiency. Hydrogen bonding also is likely to have 

an important role in binding the ceria NPs on the hybrid surface; in any case, the 

bonds should be strong enough to allow a robust grafting, but at the same time should 

allow a controlled releasing of the particles upon controlled conditions. 
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- Post grafting functionalization of  GPTMS film with SPIONs  

In order to prove the possibility to direct graft different types of nanoparticles on the 

hybrid surface without any post-synthetic functionalization step, we performed 

grafting experiment by using also superparamagnetic nanoparticles. The procedure and 

the hybrid film are the same used in nanoceria experiments. In the Fig.4.33a are shown 

the films prepared from a fresh sol without (pink line) and with SPIONs (blue line) 

while in Fig.4.33b are reported the film prepared from an aged sol without (green line) 

and with SPIONs (red line). There is no significant difference between the spectra of 

films before and after grafting of SPIONs, as they appear almost perfectly overlapped.  

 

Fig.4.33 FTIR absorption spectra in the 3750–2750 cm
-1

 range of a GPTMS film prepared from a 

fresh sol without (pink line) and with (blue line) SPION; b GPTMS film prepared from an aged 

sol without (green line) and with SPION (red line).  

 

The successful grafting of SPIONs on the hybrid film surface has been verified using 

grazing incidence X-ray diffraction and Raman spectroscopy. Fig. 4.34 shows the 

XRD patterns of SPION nanoparticles (bottom) and GPTMS film (top) prepared from 

a fresh (blue) or from an aged sol (red). The experimental data of SPION nanoparticles 
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are shown as black dots, while the Rietveld refinement is the orange line; the ticks 

show the diffraction peaks of the Fe3O4 magnetite crystalline phase (JSPDS 82-1533). 

The Rietveld analysis gives an average particle size of 8 nm, with a microstrain of 

0.0015 and a cell parameter, a = 8.469 Ǻ. It is important to underline that the 

diffraction patterns of the fresh and aged films show that SPIONs are observed only in 

the fresh samples, with a surface covered by a mixed presence of epoxides and 

silanols. These results have been also verified by Raman spectroscopy analysis, which 

has been performed on the same batch of samples; Fig. 4.35 shows the Raman spectra 

in the 800–150 cm
-1 

range of SPIONs (Fig. 4.35a).  

 

 
Fig.4.34 XRD patterns of SPION nanoparticles (bottom) and GPTMS film (top) prepared from a 

fresh (blue) or from an aged sol (red). The red and blue lines are both magnified by a factor 10. 

The experimental data of SPION nanoparticles are shown as black dots, while the Rietveld 

refinement is the orange line; the ticks show the diffraction peaks of the Fe3O4 magnetite 

crystalline phase. 
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Fig.4.35 Raman spectra in the 800–150 cm
-1

 range of a SPION nanoparticles (orange line); b 

GPTMS film prepared from fresh sol with SPION (red line) and GPTMS film prepared from 6-

day-aged sol with SPION (blue line); c GPTMS film prepared from fresh sol (green line) and 6-

day-aged sol (pink line). The Raman mode of hematite are indicated in (a) on the corresponding 

bands. 

 

GPTMS films prepared from fresh sol with SPIONs (red line) and GPTMS film 

prepared from 6-day-aged sol with SPION (blue line), (Fig. 4.35b) and GPTMS film 

prepared from fresh sol (green line) and 6-day-aged sol (pink line) (Fig. 4.35c). The 

Raman spectrum of the SPIONs in Fig. 4.35a shows scattering peaks which are typical 

of hematite,
114

 α-Fe2O3, at 221 (A1g), 289 (Eg), 391 (Eg), 486 (A1g), 595 cm
-1

 (Eg) with 

a signal at 1.284 cm
-1

 which is due to the second order scattering of hematite; the peak 

at 500 cm
-1

 is generated by the silicon of the film substrate. The signal at 665 cm
-1

 

which could be an indication of the presence of residual untransformed magnetite (A1g 

mode),
115

 is attributedto the Raman forbidden, infrared active longitudinal optical 

(LO) Eu mode of hematite which falls at the same value of Raman shift.
116,117

 This 

mode is activated by disorder within the hematite crystal lattice, such as maghemite (ᵞ-
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Fe2O3)-like defects in the near surface regions.
117 

The spectrum indicates, therefore, 

that exposure of SPIONs to the monochromatic laser light at Ȝ= 633nm with a power 

of 5 mW induces a transformation of magnetite into hematite (Scheme 4.3). This has 

been well documented in literature and it has been also observed that the phase 

transition induced upon laser exposure depends on power intensity.
118

 The 

transformation of magnetite into hematite occurs without formation of maghemite as 

intermediate phase, in accordance to the finding of Li et al.;
118

 in powdered magnetite 

has been instead observed the formation of maghemite upon laser irradiation of fine 

powders, but not in coarse powders.
119

 On the other hand, the exposure of magnetite 

nanoparticles on the film surface to a laser beam capable of inducing the change into 

hematite does not detach the particles and does not produce damage in the hybrid 

films.  

 
Scheme 4.3Transformation of magnetite into hematite after exposure to laser beam  

at 633nm with a power of 5 mW. 

 

The transformation from magnetite to hematite depends on the laser power intensity; 

in Fig.4.36 the Raman spectra in the 800–200 cm
-1

 range of GPTMS films whose 

surface has been modified with SPION nanoparticles and taken with different laser 

power intensity, from 0.2 to 20 mW, are shown. The sample illuminated with 0.2 mW 

of laser power shows a different spectrum, which is assigned to magnetite. The signals 

at 670 and 308 cm
-1

 are assigned to A1g and T2g modes, respectively, while the weak 

T2g mode is overlapped by the substrate silicon signal and could not be detected.  
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Fig.4.36 Raman spectra in the 800–200 cm
-1

 range of GPTMS films whose surface has been 

modified with SPION nanoparticles and taken with different laser power intensity, from 0.2 to 20 

mW. The Raman mode of magnetite is indicated on the corresponding signals; magnetite is 

observed only at the lower laser intensity, in the other cases magnetite is transformed into 

hematite upon exposure to the laser light. The spectrum of 0.2 mW sample has been multiplied 

x10 to allow a better visualization of the data. 

 

Magnetite is observed only at the lower laser intensity, in the other cases magnetite is 

transformed directly into hematite upon exposure to the laser light. The comparison of 

the Raman spectra (Fig. 4.35) has shown that iron oxide nanoparticles are bonded only 

on the surfaces containing epoxides (from fresh sol), supporting what has been 

observed by XRD analysis. The UV–Vis spectra of the films give a further support to 

this general finding; Fig.4.37a shows the absorption spectra of GPTMS film prepared 

from a fresh sol (red line) and GPTMS film whose surface has been modified with 

SPION (black line) in the 250–900 nm range; this sample shows an absorption band 

peaking at 370 nm which is the absorption signature of the iron oxide nanoparticles. In 

the films prepared from aged sols (Fig.4.37b), which therefore do not have closed 

epoxides, no absorption bands are detected.  
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Fig.4.37UV–visible absorption spectra in the 250–900 nm range of a GPTMS film prepared from 

a fresh sol (red line) and GPTMS film whose surface has been modified with SPION (black line). 

b GPTMS films prepared from a 6-day-aged sol (blue line) and GPTMS film with SPION (pink 

line). 

 

 

The changes induced by the laser beam on the structure of the SPIONs can be 

exploited for the fabrication of functional surfaces whose magnetic properties can be 

locally designed by inscribing them with a laser. We have demonstrated that it is 

possible to write patterns and circuits on the SPIONs layer by spotting the film surface 

with a laser. Fig. 4.38 shows the Raman imaging of a circular spot written using a 

laser intensity of 20 mW and 30 s of exposure. This power is enough to produce a 

selective phase transformation only in the illuminated area that changes to hematite 

while the not irradiated part remains magnetite.  

 

Fig.4.38 a) Optical image of SPION on GPTMS film pattern obtained using Raman laser at 366 

nm at 20 mW. b) Raman mapping obtained from patterned SPION on GPTMS film using laser at 

366 nm at 2 mW. The chemical image, reported in false colors scale, has been obtained by 

integration of the SPION hematite band at 219 cm
-1

. 
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- Comparison between nanoceria and SPIONs grafted onto hybrid surface 

In accordance to the previous results obtained with nanoceria, direct binding of 

SPIONs is achieved if the right balance between closed epoxide and hydroxyls groups 

is achieved on the hybrid film surface. The versatility of sol–gel chemistry allows for a 

wide range of modification of the hybrid film surface, and the content of hydroxyls 

and epoxides can be adjusted as a function of the processing parameters. In the case of 

SPIONs, chemical binding to the surface is achieved only in samples with epoxides, in 

other cases, such as nanoceria, we have observed an opposite response: films prepared 

from aged solutions are able to graft ceria nanoparticles on their surface. We have, 

therefore, made a comparison with grafting of ceria on GPTMS films prepared in the 

same conditions; Fig.4.39 shows XRD patterns of ceria nanoparticles (bottom) and 

GPTMS film (top) prepared from a fresh (blue) or from an aged sol (red). The XRD 

pattern in the angular range 25°–75° of the CeO2 shows the (111), (200), (220), (311), 

(222), and (400) planes which indicate the formation of the cubic fluorite structure of 

CeO2 cerianite (JCPDS: 34–0394) and whose average particle size was estimated in 14 

nm. The ceria NPs are bonded only on GPTMS aged films where epoxides have 

completely reacted and only hydroxyls are present on the film surface.  
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Fig.4.39 XRD patterns of Ceria nanoparticles (bottom) and GPTMS film (top) prepared from a 

fresh (blue) or from an aged sol (red). 

 

This is confirmed by Raman spectra (Fig.4.40); at 465 cm
-1

 the Raman mode due to 

the symmetric breathing vibrations of the oxygen anions around the cerium cation,
120

 

which is a signature of crystalline ceria and is observed only in the aged sample 

without epoxides.  
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Fig.4.40Raman spectra in the 490–430 cm
-1

 range of a Ceria nanoparticles (orange line); b 

GPTMS film prepared from fresh sol with Ceria (red line) and GPTMS film prepared from 6-

dayaged sol with Ceria (blue line); c GPTMS film prepared from fresh sol (green line) and 6-day-

aged sol (pink line).  

 

Fig.4.41 allows for a straight visual comparison of the orthogonal properties of the 

GPTMS films; 4 SEM images of the films, grafted with SPIONs and ceria 

nanoparticles respectively, after being deposited from sol aged 0 days (Fig.4.41a, c) 

and 6 days (Fig.4.41b, d), are reported. The Figure confirms that ceria nanoparticles 

are grafted only onto the 6d film whilst there is no presence of ceria on the 0d film. On 

the other hand, SPIONs are largely distributed on the 0d film surface and only scarcely 

on the 6d film.  
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Fig.4.41SEM Images of GPTMS-SPIONs grafted onto 0d (a) and 6d (b) hybrid films; GPTMS-

Ceria 0d (c) and 6d (d) 

To have further insights on the surface coverage of the films due to the presence of 

nanoparticles, AFM analyses, both phase (Fig. 4.42) and topology imaging (Fig.4.43), 

have been performed on the samples confirming the results obtained by SEM imaging. 

More complete information about the nanoparticles distribution has been obtained by 

evaluating the surface coverage with imaging software on the phase imaging pictures. 

In fact, this analysis, by exploiting the phase image contrast related to the 

heterogeneity of the samples (nanoparticles vs hybrid films) has allowed determining 

the absence of ceria in the sample 0d and its presence in the 6d. Moreover, with 

regards to the SPIONs, the software analysis has revealed that the sample 0d has a 

surface coverage 20 times higher when compared to the 6d sample. Both SEM and 

AFM imaging confirm almost entirely what already evaluated by mean of Raman 

spectroscopy and XRD; the amount of SPIONs detected on the 6d film is almost 

negligible in comparison with that on 0d film.  
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Fig.4.42 Phase Imaging of GPTMS-SPIONs by AFM: 0d (a) and 6d (b); GPTMS-nanoceria 0d (c) 

and 6 (d) 
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Fig.4.43 Topology imaging of GPTMS-SPIONs by AFM: 0d (a) and 6d (b); GPTMS-nanoceria 0d 

(c) and 6d(d). 

 

The comparison between ceria and SPIONs shows that different types of nanoparticles 

could be bonded on the surface of the hybrid films if this is properly tuned; SPIONs 

are bonded when a mix of hydroxyls and epoxides are present on the surface, on turn, 

binding of ceria NPs is achieved only when epoxides are fully reacted. A drawing of 

this model is shown in Scheme 4.2. The tuning of the GPTMS surface chemistry 

allows a full compliance of the electrostatic requirements that are necessary for 

orthogonally binding one of the two types of NPs without using specific 

functionalization. However, unwanted residues of CTAB deriving from the ceria 

preparation could have been partially incorporated into the nanoparticles affecting 

their surface charge and therefore their ability in binding the film surface. It is also 

important to stress that the surface functionalization occurs both with nanoceria or 

SPIONs using the same solvent that is ethanol. Moreover, given the experimental 

evidences that we have achieved here and in our recent work performed on the 
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characterisation of hybrid organic–inorganic films,
121

 we can hypothesise that the 

surface charge of GPTMS films changes as a function of the epoxide opening and 

therefore of the aging time of the GPTMS precursor sol. The surface charge of the 

films changes independently from the nanoparticles nature and therefore these should 

not affect their surface properties. This leads to the conclusion that the grafting 

procedure is controlled only by the nanoparticles properties and in particular by the 

different solvation environment which reflects their diverse chemical nature
122,123,124

 In 

fact, the ethanol solvation sphere surrounding the nanoparticles provides the SPIONs 

with a more hydrophobic character, since the ethyl groups are directed on the outside 

shell, explaining therefore the binding capabilities to the more hydrophobic 0d films. 

On the other hand, the pristine hydrophobic nature of the nanoceria, due to the 

presence of CTAB residues on its surface, is reversed into hydrophilic by the solvation 

sphere of the ethanol molecules that direct their hydroxyls groups on the outer sphere, 

favouring therefore the binding onto the more hydrophilic 6d films. The surface 

tailoring of the film, therefore, is sufficient to ensure a solid electrostatic bond with a 

number of nano-object having remarkably different surface charge. In fact, despite its 

electrostatic nature, the bond appears to be strong enough to keep the nanoparticles 

grafted on the film surface even after three washing cycles with ethanol and this 

allows us to state that the particles are effectively bound to the surface and not just 

deposited onto it. The electrostatic interaction between NPs and GPTMS films enables 

the use of the NP layer as a functional material for a wide range of applications; in 

particular, the surface coating with naked SPIONs allows for micron-scale lithography 

of the magnetic properties through a local modification of the surfaces. 
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4.2.2. Release of nanoceria from hybrid film 

To test the release of nanoceria from the films we have used Raman spectroscopy; we 

have also tried to apply the UV−vis spectroscopy by measuring the difference in 

absorbance before and after the release but, because of the small changes to be 

detected and the uncertainty in the baseline, we have not obtained reliable and 

reproducible results. We have used, therefore, Raman imaging which has two 

advantages, the crystalline ceria has only one Raman mode around 465 cm
−1

 due to the 

symmetric breathing vibrations of the oxygen anions around the cerium cation,
120

 

furthermore, it is possible collecting the spectra in a very specific area in imaging 

mode. This allows averaging the spectra to obtain a good signal-to-noise ratio of the 

Raman mode of ceria before and after the release. Fig.4.44a shows the Raman spectra 

in the 490−425 cm
−1

 range of ceria nanoparticles grafted on GPTMS film before 

(black line) and after a release test of 1 h (red line), 5 h (cyan) and 17 h (blue line) in 

phosphate buffer at pH 7.4.  

 

 
 

Fig.4.44 (a) Raman spectra in the 490−425 cm
−1

 range of ceria nanoparticles grafted on GPTMS 

film before (black line) and after a release test of 1 h (red line), 5 h (cyan) and 17 h (blue line) in 

phosphate buffer at pH 7.4. (b) Variation in ceria Raman integrated band area as a function of 

releasing test time (in hours); the black line is the exponential decay fit curve. The ceria 

nanoparticles concentration in water solution is 80 mg cm
−3

. 

 

The change of ceria Raman integrated band area as a function of releasing test time (in 

hours) is reported in Fig.4.44b; the data are well-fitted using an exponential decay 
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curve. This indicates that the particles are not released immediately after the 

immersion in the buffer, but it is a time dependent process that can be controlled. 

Within 17 h of immersion of the film with the grafted ceria nanoparticles around 70% 

of them are released in the buffer solution. This result shows that the system could be 

potentially developed for controlled release of ceria nanoparticles in materials such as 

contact lenses; the overall release process is illustrated in Fig.4.45. 

 

 
 

Fig.4.45 (a) Grafted ceria nanoparticles when the sample is  

(b) immersed in a buffer solution are (c) slowly released. 

 

4.2.3. Top-down and bottom up routes to fabricate nanoceria into a porous 

matrix 

The integration of bottom-up and top-down routes has recently become one of the 

main challenges for fabricating nanodevices with advanced functional properties. In 

particular, it has been shown that high-energy X-rays allow for direct patterning of soft 

matter and fabrication of devices by a fast and extremely versatile protocol.
125

 The 

combination of hard X-ray and soft matter has several advantages; in fact, when a 

material is still in its “soft” state, it can be directly modified and patterned by hard X-

rays. Sol−gel,
126,127

 hybrid organic−inorganic materials,
128

 mesoporous films,
129

 

metal−organic frameworks (MOFs),
130

 and block copolymers
131

 have shown to be 

suitable for integrating bottom-up and top-down fabrications. The combination of the 
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two methods turned out to be particularly effective when applied to functional 

mesoporous films; in fact, a mesoporous ordered film can be obtained via self-

assembly through organization of supramolecular templates and the film lithography 

performed immediately after deposition allows for the densification of the wall 

structure and removal of the surfactant in one single step. Furthermore, when 

nanoparticle precursors are added to the material by one-pot synthesis or post 

impregnation of preformed films, X-ray exposure can be exploited to promote the 

growth of metal nanoparticles (NPs), such as gold
132

 and silver,
133

 within the porous 

matrix. The nanoparticles nucleate and grow in the film regions exposed to the X-ray 

beam, and this represents therefore a direct lithographic method for writing the 

material and producing devices for different applications such as nanoelectrodes
134

 and 

surface-enhanced Raman spectroscopy (SERS) layers.
130

 The functionalization of the 

porous matrix with oxide NPs would also be very interesting, but up to now, the 

achievement of a spatial control required for patterning a mesoporous film by 

controlled nucleation and growth of nano-objects is still a difficult task. In particular, 

crystalline nanoceria is of paramount importance because of its catalytic and radical 

scavenging properties.
135,136

 The controlled formation of nanoparticles into a porous 

matrix would open the route to several important applications, especially in the field of 

nanobiotechnology. In fact, the design of smart nanocomposite surfaces could be 

applied for the fabrication of cell chambers and/or dishes for cell culture. The 

incorporation of functional properties at the interface between chambers and cells 

offers several advantages such as, for instance, a close interaction between biological 

species and the nanocomposite surface with no need of dispersing/capping agents or 

pH buffers to avoid particle aggregation in the cell media. For these reasons we have 

optimized a combination of bottom-up and top-down processing which allows 

producing ceria nanoparticles of controlled dimensions within a mesoporous ordered 

titania film. This matrix has been first selected to increase the hydrolytic stability of 

the nanocomposite. The overall material fabrication, however, has been designed to 
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minimize the crystallization of the titania matrix allowing at the same time the writing 

of selected areas with ceria nanoparticles having radical scavenging properties. 

Furthermore the best procedure obtained in a titania-ceria nanocomposite production 

has been chosen to fabricate materials based on hafnia and silica matrix with 

embedded nanoceria. The toxicity of the three nanocomposite has been tested in cell 

cultures employing peripheral blood mononuclear cell (PBMC). 

The synthesis of titania mesoporous ordered films is based on self-assembly of a pore 

templating agent triggered by solvent evaporation; this is a well-established route, and 

several types of ordered titania films can be obtained using a variety of surfactants.
137

 

In the first step of the present synthesis we have prepared mesoporous ordered titania 

films by employing a triblock copolymer, Pluronic F127, as a template; the films 

result well ordered even after the thermal treatment at 350 °C used to remove the 

template.
138

 The firing temperature has been selected to optimize the film properties; 

in fact, after thermal processing the organic template is fully removed, and the 

mesoporous titania films maintain the mesostructure.
139

 Fig.4.46 shows the GISAXS 

pattern of a titania mesoporous film after thermal treatment at 130 °C for 24 h and 350 

°C for another 2 h; the pattern is characteristic of an Im3m in the space group 

contracted along the [110] direction. The GISAXS pattern confirms that the 

mesostructure is retained after processing and the thermally induced uniaxial 

shrinkage
140

 produces a small distortion of the pore structure. 
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Fig.4.46 GISAXS pattern of a titania mesoporous film after thermal treatment at 130 °C for 24 h 

and 350 °C for another 2 h; the pattern is characteristic of an Im3m in the space group 

mesostructure contracted along the [110] direction. 

 

In the second step of the preparation, the titania-ordered mesoporous films have been 

impregnated with the ceria precursor solution via spin coating that has shown to be the 

most effective route, while other methods (e.g., casting) have not given a 

homogeneous pore filling. The samples have been exposed to hard X-rays, generated 

by a synchrotron source, to induce the formation of ceria nanoparticles within the 

pores; the overall process is shown in Fig.4.47. The photons that have been used to 

irradiate the samples have energy between 2500 and 12 000 eV,
127

 and they have been 

used in previous works as a lithographic tool for soft matter and in situ formation of 

metal nanoparticles in mesoporous films. As expected, the exposure to hard X-rays has 

induced the formation of ceria nanoparticles with selective control of the areas where 

these CeNPs grew up. Compared to other techniques, such as UV photo-assisted ceria 

synthesis,
141,142

 a major advantage of the deep X-ray lithography is the penetration 

depth that can be reached;
143

 this allows forming nanoparticles throughout the whole 

film thickness. Another advantage of DXRL is the loading that can be obtained; we 

have already tried to impregnate a mesoporous film with nanoparticles by using 

alternative approaches, such as post impregnation with colloidal nanoparticle solution 

or in situ formation of ceria nanoparticles. To the best of our knowledge, however, 
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these techniques do not allow a homogeneous loading of the inner part of the porous 

films. The mesoporous films have been therefore exposed to increasing doses of 

radiation, and the effect has been evaluated by electron microscopy, XRD, and Raman 

spectroscopy.  

 

 

 

 

Fig.4.47 Drawing of the patterning process by in situ nucleation and growth of ceria 

nanoparticles. 
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Fig.4.48 TEM images of (a) titania mesoporous film (bright field) and (b) titania mesoporous film 

with ceria nanoparticles (dark field) after X-ray exposure at the highest dose (653 J cm
−2

). 

 

 

TEM images of Fig.4.48 show representative bright (a) and dark (b) field images of 

the mesoporous film after X-ray exposure at the highest dose (653 J cm
−2

). The 

samples retain the typical morphology of ordered porous films where pores in the 

mesoscale are stacked in a close cubic fashion. We have used a plot profile analysis of 

a large set of measurements to evaluate an average pore size of 5.4 ± 0.6 nm. This 

value, within the experimental error, is consistent with previous findings that also 

measured the surface area of the titania porous sample fired at 350 °C.
144

 Following 

this reference, therefore, we have assumed a film surface of ≈ 595 m
2
cm

-3
. The dense 

and homogeneous distribution of the nanoparticles inside the porous matrix is clearly 

shown in the dark field images where the white spots are due to the cerium oxide 

nanocrystals; the average size of the nanoparticles has been estimated as 3.8 ± 0.9 nm. 

Spectroscopic ellipsometry has been used as a tool to evaluate differences in the film 

thickness before the X-ray exposure at 653 J cm
−2

. The average thickness of all the 

samples is around 180 ± 20 nm, and we do not observe shrinkage after X-ray-induced 

nanoparticle formation. Fig.4.49 shows the XRD patterns in the angular range 20− 

100° of calcined titania mesoporous film whose pores have been filled with the 

urea−Ce solution (green line) and after exposure to 163 J cm
−2

 (black line), 326 J cm
−2

 

(red line), and 653 J cm
−2

 (blue line) doses. After exposure to the lowest dose, the 

detection of a pattern with different sharp diffraction peaks indicates very likely the 



  200 

Dott.ssa Alessandra Pinna 

Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 

Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 

Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

     

 

fragmentation of the cerium nitrate induced by radiations. These peaks decrease in 

intensity and partially disappear after exposure to a higher dose, 326 J cm
−2

, and are 

not detected any longer in the samples exposed to the highest radiation dose, 653 J 

cm
−2

. On the other hand, with the increase of the dose, the films exhibit a diffraction 

pattern characterized by several broad and intense peaks which can be unambiguously 

assigned to crystalline cerium oxide. The diffraction peaks correspond to the (111), 

(200), (220), (311), (400), (331), (420), (422), and (511) planes of the cubic fluorite 

structure of CeO2 cerianite.
145

 It is also important to note that the thermal treatment at 

350 °C and the exposure to X-rays do not induce further crystallization of titania, 

which is so little that it could not be detected by XRD. This point is particularly 

interesting because crystallites of anatase titania promote the formation of free 

radicals, while nanoparticles of ceria have the property of acting as a radical 

scavenger. The two effects could compete if titania crystallizes; nonetheless, in the 

present case, we have managed to find a method that allows producing nanocrystalline 

ceria within a solid mesoporous framework with a minimum amount of crystallinity. 
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Fig.4.49 XRD patterns of titania mesoporous films at different processing steps: (a) as-prepared 

mesoporous titania film after filling the pores with urea−ceria solution (green line); (b) after 

exposure to a dose of 163 J cm
−2

 (black line); (c) after exposure to a dose of 326 J cm
−2

 (red line), 

and (d) after exposure to a dose of 653 J cm
−2

 (blue line). 

 

On the other hand, mesoporous titania has the advantage to be highly hydrolytically 

stable in comparison to silica-based mesoporous materials and is more suitable to 

develop applications when chemical durability in water environment is requested.
146

 

We have characterized the nanoceria from XRD patterns using the Rietveld method; 

the fit (Fig.4.50) gives 4.05 nm for the crystallite size and 0.545 nm for lattice 

parameter a, which is the same value reported for CeO2 in the standard data (a = 0.541 

nm, space group Fm3m),
107

 and the microstrain is 0.0029. At the highest exposure 

dose the films result in being composed of mesoporous titania whose pores contain 

nanoceria with an average dimension of 4 nm, in accordance with TEM analysis. 

Raman spectroscopy has been performed on the irradiated samples to detect the 

formation of cerium oxide; in detail, it has followed the evolution of the 465 cm
−1

 

Raman active mode of cerium oxide, which is due to the symmetric breathing 

vibrations of the oxygen anions around the cerium cation.  
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Fig.4.50 XRD pattern (black dots) of ceria nanoparticles after hard X-ray exposure (653 J cm
−2

). 

The Rietveld fit is reported as a continuous blue line. 
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Fig.4.51 Raman spectra in the 475−410 cm
−1

 range of mesoporous films whose pores have been 

filled by cerium nitrate and urea solution after exposure to a dose of 163 J cm
−2

 (black line), 326 J 

cm
−2

 (red line), and 653 J cm
−2

 (blue line). 

 

 

Fig.4.51 shows the Raman spectra in the 480−100 cm
−1

 range of urea-Ce titania 

mesoporous films upon exposure to different doses: 163 J cm
−2

 (black line), 326 J 

cm
−2

 (red line), and 653 J cm
−2

 (blue line). The Raman mode of ceria is clearly 

observed in the samples exposed to 326 and 653 J cm
−2

, while around 143 and 450 

cm
−1

, there are two bands which are attributed to anatase and rutile phases, which are 

formed in the mesoporous structure as a consequence of the thermal treatment.
147

 The 

crystalline fraction of the films and the size of the crystalline domains, however, are 

very small since the XRD patterns (vide infra) do not show diffraction peaks attributed 

to titania phases. We have also tested two other precursor solutions of ceria, which 

have been used to impregnate the mesopores of titania films through an identical 

protocol. Fig.4.52 and Fig.4.53 show the XRD patterns of the mesoporous films whose 

pores have been impregnated by a precursor solution containing cerium nitrate and, 
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respectively, Pluronic F127 and CTAB. After impregnation, similarly to the 

urea−ceria samples, the films have been exposed to increasing doses of hard X-rays.  

 

 

Fig.4.52 XRD patterns of titania mesoporous films whose pores have been filled by using a cerium 

nitrate and Pluronic F127 solution after exposure to a dose of 163 J cm
−2

 (black line), 326 J cm
−2

 

(red line), and 653 J cm
−2

 (blue line). 
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Fig.4.53 XRD patterns of titania mesoporous films whose pores have been filled by using a cerium 

nitrate and CTAB solution after exposure to a dose of 163 J cm
−2

 (black line), 326 J cm
−2

 (red 

line), and 653 J cm
−2

 (blue line). 

 

The comparison among the different preparation methods shows that the results are 

considerably different and the type of surfactant appears therefore to play a 

fundamental role in the formation of ceria nanoparticles upon exposure to hard X-rays. 

In the case of Pluronic-F127 samples (Fig.4.52), nanoceria is formed, but the XRD 

peaks attributed to cerium oxide are less intense and wider, indicating the formation of 

nanoparticles with smaller dimension. In the case of sample prepared with CTAB as 

surfactant, only a very weak and wide signal assigned to ceria could be observed 

(Fig.4.53), indicating that CTAB does not allow an efficient formation of CeO2-NPs. 

The sharp peaks are assigned to fragmentation of precipitates from the precursor sol 

produced by the X-ray exposure. A comparison of the different results obtained 

employing a block copolymer (Pluronic F127), an ionic surfactant (CTAB), and a 

coordinating agent (urea) gives some indications about the formation of the ceria 

nanoparticles by DXRL. We have seen that the dose plays an important role; only 

when some threshold value is reached, the ceria nanoparticles form. The first effect is 
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the fragmentation of the compounds that crystallize after solvent evaporation of the 

precursor solution inside the mesoporous films. The second one is the production of 

free radicals OH
�
 that induce the oxidation of Ce

3+
 to Ce

4+
. The overall effect, 

however, depends on the dispersing/ coordinating agent that has been used in the 

solution of ceria precursors to impregnate the films; in fact the formation of nanoceria 

is effective with urea and, to some extent, with Pluronic but does not work with 

CTAB. The amines in urea play, most likely, a primary role by favoring the nucleation 

process of ceria nanocrystals via coordination of Ce
4+

 ions,
148

 and a similar mechanism 

should be activated in the presence of triblock copolymers. On the other hand the 

CTAB, characterized by a cationic moiety, is not able to coordinate the Ce
4+

 because 

of the charge repulsion that disfavors the nucleation process. Nanoceria is of 

paramount importance because of its catalytic and radical scavenging properties, and 

the controlled formation into a porous matrix should enable the fabrication of 

antioxidant substrates for cell cultures. We have performed a simple test to verify the 

antioxidant effect by measuring the photodegradation of a dye, Rh6G, when deposited 

on a silica slide, bare mesoporous titania films, or mesoporous titania films loaded 

with ceria nanoparticles. The three samples have been then exposed to UV light at 365 

nm monitoring the photodegradation of Rh6G as a function of time by UV−visible 

spectroscopy (Fig.4.54a, b, and c respectively).  
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Fig.4.54 UV−vis absorption spectra in the 400−650 nm range of Rh6G on silica (a), Rh6G on bare 

mesoporous titania films (b), and nanoceria-loaded mesoporous titania films (c) exposed to UV 

light for increasing times: 0 (black line), 1 h (blue line), 2 h (red line), 3 h (green line), 4 h (pink 

line), and 5 h (light blue line). (d) Photodegradation of Rh6G, percentage decrease of the 

integrated band in the 400−650 nm range as a function of the UV exposure time: the blue 

triangles are referred to Rh6G on silica, the black squares to Rh6G on bare film, and the red 

spots to Rh6G on nanoceria-loaded film. The solid lines are guides for the eyes. 

 

Before exposure, the absorption spectrum of the films in the 400−600 nm range is 

mainly due to the typical absorption bands of Rh6G in the form of monomers and 

dimers. Rh6G dimers, in fact, have two distinct absorption maxima, at higher (J-type 

dimers) and lower (H-type dimers) wavelengths with respect to the absorption peak of 

the monomer band (≈530 nm).
149

 After 1 h of exposure, the decrease of absorbance 

percentage, in the films without nanoceria, is higher compared to pure Rh6G on silica, 

indicating a weak photocatalytic effect of the porous matrix. On the contrary, the 

absorbance of the nanoceria-loaded film shows a slower and less sharp decrease if 

compared to the photodegradation of the pure dye on silica. Fig.4.54d shows the value 

of the integrated absorbance in the range between 400 and 600 nm as a function of the 

UV exposure time. The bleaching effect due to Rh6G photodegradation is clearly 

visible both in the dye on silica and in the film without CeO2-NPs, where the 
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absorbance decreases roughly 70% after 5 h of exposure. The degradation of the dye 

not deposited on mesoporous films may be considered somehow surprising since it 

should not absorb the UV light in the 365 nm range.
150

 However, this effect is easily 

explained if we consider that the UV lamp is not completely monochromatic and the 

photodegradation can be triggered by the formation of radical species from the 

residual solvent among the dye molecules or by the environmental moisture (water) 

which can be absorbed during the exposure. The dye degradation upon UV exposure is 

sensitively reduced in the films loaded with nanoceria, despite the weak photocatalytic 

effect of the substrate; after 5 h the absorbance decreases less than 50%. This effect is 

due to the free radical scavenging of ceria nanoparticles, which protects the organic 

molecules from the degradation induced by the radicals produced by UV light. 

According to previous results, in fact, the size of the ceria nanocrystals, grown within 

the porous matrix, has been tuned to maximize the radical scavenging properties of the 

oxide and limit its photocatalytic activity that becomes dominant for particles of larger 

dimensions.
151

 The antioxidant property shown by the material is of extreme interest 

for all those applications where it is necessary to avoid or delay the degradation of 

organic molecules directly induced by free radicals or indirectly caused by exposure to 

sources that give rise to the formation of free radicals. The XRD and Raman data show 

that the exposure to high energy photons induces the formation of ceria nanoparticles; 

this process has the advantage to be used for patterning the mesoporous films. DXRL, 

in fact, allows the controlled formation of the particles only in selected areas of the 

films by using proper masks; the nanoceria is formed in the pars of the film which are 

directly exposed to the flux of photons, while in the masked side, no particles are able 

to grow up. Fig.4.55 shows the optical image of a mesoporous titania film impregnated 

with a urea−ceria precursor solution which has been patterned by DXRL using a dose 

of 653 J cm
−2

. 
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Fig.4.55 Optical microscope image of patterned titania mesoporous film with ceria nanoparticles. 

The exposure dose is 653 J cm
−2

. 

 

The areas which appear yellow have not been irradiated, while the exposed region has 

a dark red color. The Raman image taken on a circular spot, which represents the 

unexposed part where the nanooceria should not be present, is shown in Fig.4.56; the 

image is obtained by integrating the band of the Raman active mode of cerium oxide 

(see Fig.4.49), and the intensity is reported in false color scale. The area of the circular 

spot appears in blue, which indicates, following the intensity scale, that ceria is not 

present in the unexposed region.  
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Fig.4.56 Raman image obtained by integrating the band of the Raman active mode of cerium 

oxide; the intensity is reported in false color scale. The sample has been obtained by X-ray 

exposure with a 653 J cm
−2

 exposure dose.  

 

 

The X-ray fluorescence mapping performed on a sample, obtained by DXRL using 

653 J cm
−2

 exposure dose and an urea−ceria precursor sol, gives also some interesting 

information as shown in Fig.4.57. Three different elemental maps are shown in the 

figure: Si (red) left side, Ti (violet) center, and Ce (yellow) right side. The Ce map 

well reproduces the pattern of the mask, and cerium appears to be present only in the 

exposed areas (the circular regions in dark correspond to the unexposed areas). Cerium 

partially absorbs the fluorescence from the Silicon substrate, and this explains the 

darker color of the patterns of the Silicon areas.
152

 The signal of Titanium is instead 

well homogeneously distributed, indicating the homogeneity of the sample. 
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Fig.4.57 X-ray fluorescence map of patterned titania mesoporous film with ceria nanoparticles. 

Three different images are shown obtained by Si (red) left side; Ti (purple) center; and Ce 

(yellow) right side. The sample has been obtained by X-ray exposure with a 653 J cm
−2

 exposure 

dose. 

 

- Evaluation of ceria-nanocomposite toxicity in cell culture 

In the previous paragraph we have shown that the use of urea as a coordinating agent 

is highly effective for the production for nanoceria-titania nanocomposites. The same 

method has been adopted to design other nanocomposites with different matrix based 

on hafnium and silicon oxides. It has been already proved that titania, silica and hafnia 

are biocompatible,
153,154 

however
 
they show different physicochemical properties such 

as hydrolytic stability, reflective index and photocatalytic activity. Titania is 

hydrolytically stable, it has a high refractive index and it have a photocatalytic activity 

specially when it is crystalline, hafnia has the same properties of titania, but it is not 

photocatalytic and the silica is not hydrolytically stable, it has a low refractive index 

and it does not have photocatalytic activity. These properties play an important role for 

the material design selection. The refractive index of the supported materials affects 

the phase contrast in microscopy characterization for in vivo cells observation.
155

 The 

hydrolysis of the matrix affects the potential release of nanoceria in cell cultures and 

therefore is a potential cause of toxicity. The presence of photocatalytic activity of the 

substrate is related to the radicals production, which can influence antioxidant 

properties of nanoceria embedded in the porous matrix. Besides the physicochemical 

properties, the possibility to transfer the nanocomposite films on plastic Petri dishes 
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with a perspective of improving the cell culture environment has been also taken into 

account.   

The synthesis of hafnia and silica mesoporous ordered films is based on self-assembly 

of a pore templating agent, Pluronic F127, triggered by solvent evaporation as it has 

been reported for titania in the section 4.2.3. The Fig.4.58a shows the typical GISAXS 

pattern of hafnia mesoporous film; the pattern is characteristic of an Fm3m in the 

space group contracted along the [111] direction. The Fig.458b shows silica 

mesoporous pattern which can be indexed as 2d-hexagonal p6mm. 

 

 

Fig.4.58 GISAXS pattern of a) hafnia and b) silica mesoporous film after thermal treatment; the 

pattern of hafnia mesoporous film is characteristic of an Fm3m in the space group mesostructure 

contracted along the [111] direction. The silica mesoporous film pattern can be indexed as 2d-

hexagonal p6mm. 

 

The hafnia and silica mesoporous films already prepared have been impregnated with 

the ceria precursor solution following the procedure used for titania matrix. Then 

samples have been exposed to hard X-rays, generated by a synchrotron source, to 

induce the formation of ceria nanoparticles within the pores. As it has been obtained 
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for the titania, the exposure to hard X-rays induces a spatially-controlled formation of 

nanoceria within the mesopores. 

Fig.4.59 α and β show the XRD patterns in the 2θ angular range of calcined hafnia and 

silica mesoporous film whose pores have been filled with the urea−Ce solution and 

exposed at increasing X-ray doses. After exposure to the lowest dose, the detection of 

a pattern with different sharp diffraction peaks indicates very likely the fragmentation 

of the cerium nitrate induced by radiations, in agreement to the previous experiments 

on the titania films impregnated with nanoceria precursor sol.  

 

 
 
Fig.4.59 XRD patterns of α)hafnia and β)silica mesoporous films at different processing steps: (a) 

as-prepared mesoporous film after filling the pores with urea−ceria solution (black line); (b) after 

exposure to a dose of 163 J cm
−2

 (red line); (c) after exposure to a dose of 326 J cm
−2

 (blue line), 

and (d) after exposure to a dose of 653 J cm
−2

 (green line). 
 

These peaks decrease in intensity and partially disappear after exposure to a higher 

dose, 326 J cm
−2

, and are not detected any longer in the samples exposed to the highest 

radiation dose, 653 J cm
−2

. On the other hand, with the increase of the dose, the peaks 

related to crystalline cerium oxide become more intense. These diffraction peaks 

correspond to the cubic fluorite structure of CeO2 cerianite.  

We have then characterized the nanoceria, obtained at the highest exposure dose, by 

XRD using the Rietveld method for both hafnia and silica films. These results have 
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compared with those of titania film. The fit obtained by the Rietveld method 

(Fig.4.60a, b and c) allow estimating a nanocrystalline size of 3.3, 3.8 and 4 nm for 

silica, titania and hafnia matrix. The pores sizes of the three matrices have been 

measured by TEM and analysed using an Image J program (Figure 4.61a, b and c). 

The nanoceria size nucleated by lithography are compatible with the pores dimensions 

of the tree systems, that are 4.5, 5.5 and 7.2 nm for mesoporous silica, titania and 

hafnia, respectively. This results and TEM characterization indicate that the 

nanoparticles can really growth inside the pores.  

 

 

Fig.4.60 XRD pattern (dots) of ceria nanoparticles after hard X-ray exposure (653 J cm
−2

). The 

Rietveld fit is reported as a continuous a)red, b)blue and c)green line for nanoceria embedded in  

silica, titania and hafnia mesoporous films. 
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Fig.4.61 TEM images of (a) silica, (b) titania and (c) hafnia mesoporous film with ceria 

nanoparticles  after X-ray exposure at the highest dose (653 J cm
−2

). 

 

To assess the toxicity of the matrix and the ceria-based nanocomposites, the materials 

have been placed in close contact with a PBMC cells culture for 24h. After this period, 

the apoptotic cells have been measured by flow cytometry. Fig.4.62 shows the 

percentage of total apoptotic cells for the bare mesoporous matrix (group a "CeO2 not 

treated"), the nanocomposite systems (group b "CeO2 treated") and the control (red 

bar). Among the three matrices, titania and hafnia are detrimental for the cell culture 

causing and increase in the cell death of respect to the control, which has a value ≈ 

15%. On the other hand, silica matrix (yellow bar) is positively affecting the PBC cells 

since it is slightly capable to reduce the cells death compared to the control.  

When PBMC cells are incubated with the nanoceria-composites the results are 

completely different from those obtained with the bare matrices. In fact, the cells death 

is reduced for the nanoceria-loaded nanocomposites made by titania. Moreover, 

positive effects can also be observed in hafnia-ceria nanocomposite, if compared with 

the results obatined from bare hafnia matrix. On the contrary, the nanocomposites 



  216 

Dott.ssa Alessandra Pinna 

Ceria nanoparticles as smart platform for biomedical applications 

Tesi di Dottorato in Scienze e Tecnologie Chimiche 

Indirizzo: Nanochimica, Nanomateriali e Materiali funzionali -XXVIII Ciclo 

Università degli Studi di Sassari- Facoltà di Chimica e Farmacia 

     

 

based on silica-nanoceria show increase the cell death with respect to the silica matrix. 

This is probably due to the hydrolytic instability of silica matrix that causes the release 

of nanoceria and therefore an increase of nanoceria in the cellular environment. 

 

 

Fig.4.62 Average results from flow cytometry profile PI/annexinV of apoptotic PBMC cells 

treated with bare mesoporous films (a) or nanoceria-loaded nanocomposites (b). Asterisks 

indicate statistically significant differences between mesoporous film-treated PBC cells vs. 

nanocomposite-treated PBC cells (p < 0.008 Titania< Titania-Ceria, p<0.007 Hafnia<Hafnia-

Ceria and p<0.004 Silica<Silica-Ceria). 
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5. Conclusion and future outlooks 

The experimental work developed for this doctoral thesis has explored the antioxidant 

property of cerium oxide nanoparticles on different type of cell culture. In particular, 

we have developed the possibility of using nanoceria in several combinations, not only 

as naked nanoparticles dispersed in solution, but also in combination with inorganic 

and hybrid matrices. Nanoceria has actually proved to be a multifunctional material, 

capable to show its anti-oxidant or pro-oxidant properties depending on its size and 

concentration. 

Nanoceria is effective for the treatment of neurodegenerative Parkinson-like diseases 

induced by chronic manganese intoxication. The antioxidant capability of nanoceria in 

PC12 cells has been tested by using MnCl2 instead of H2O2. Nanoceria concentration of 

20 mg•ml
-1

 provides the highest antioxidant effect on cell cultures pre-treated with 

MnCl2, however to reach the maximum antioxidant effect in PC12 cells the nanoceria 

dimension and the concentration should be kept under 10 nm and 100 mg•ml
-1

, 

respectively. Nanoceria is also able to reduce the oxidative stress caused by auto-

oxidation in a simultaneous treatment with L-DOPA, envisaging an innovative 

therapeutic application. Further studies are ongoing for a better understanding of the 

CeO2 antioxidant biochemical mechanisms in the intracellular environment and a 

further in vivo investigation is necessary for exploring the potential role of these 

nanoparticles in the treatment of Parkinson like diseases. 

The effect of nanoceria has also been studied in the germ cells, to reduce their oxidative 

damaging for the subsequent embryo development. The results show a different 

behaviour of nanoceria in both oocyte and spermatozoa. 

During the in vitro maturation nanoceria produces positive effects on the oocyte with a 

low competence. In fact, the obtained results indicate that poor developmentally 

competent oocytes, matured in presence of low concentration of CeO2-NPs, are able to 

develop up to blastocyst stage in a significant high percentage. The quality of 

blastocysts is improved under these culture conditions as it has been demonstrated. The 

lowest nanoceria concentration has not any obvious cytotoxic effect, even though the 
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concentration used has been significantly higher than those expected following the 

environmental exposure. This may indicate that the impact of environmental exposure 

of CeO2 NPs on the oocyte is low. Despite the positive effects on oocyte maturation, 

further investigations at the molecular level are needed.   

Regarding to the other germinal cells, ram spermatozoa, nanoceria at higher used 

concentrations and low temperature (4°C) seem to be well tolerating, but without 

significant effects on specific morphological and functional spermatozoa 

characteristics, in particular ROS production and mitochondrial activity. Further 

experiments are needed to assess the free radical scavenger activity of nanoceria on 

ram sperm and the potential consequences of in vivo and in vitro fertilising ability. 

The versatility of nanoceria as a "functional platform" for biological systems has been 

also proved in nanocomposite materials.  Nanoceria has been used in combination with 

different kind of matrix with the final goal of engineering controlled antioxidant 

properties.  

Hybrid matrix based on glycidoxypropyltrimethoxysilane has been demonstrated to be 

very successfully as a matrix that anchor nanoceria without any previous 

functionalization. In fact, by changing the aging time of the precursor sol it is possible 

to obtain a smart surface, which increases its hydrophilicity with aging and grafts not 

only nanoceria, but also another type of nanoparticles, such as SPION.  

The nanoceria-loaded films slowly release the CeO2-NPs upon immersion in a buffer 

solution, showing that this system is a potential candidate to develop new types of 

medical devices, such as contact lenses, for controlled release of free radical scavenger 

nanoparticles in degenerative ocular diseases. 

Mesoporous ceramic matrix loaded with nanoceria have also allowed to successfully 

prepared nanocomposite films with functional properties. The nanoparticles have been 

nucleated and grown within the pores upon exposure to an intense source of X-rays. 

The formation of ceria nanoparticles induced by hard X-rays depends on the X-ray 

dose and the chemical nature of the compounds used to disperse the ceria precursor. It 

has been observed that urea is an effective agent to promote nucleation and growth of 
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ceria, this being due to the presence of amine groups, which favour the coordination of 

Ce
4+

 ions.  

Between the hafnia, titania and silica matrix, titania embedded nanoceria shows to be 

the best nanocomposite material with radical scavenging property. Its antioxidant 

property has been demonstrated in vitro by the photodegradation experiment using 

Rh6G dye, since upon exposure to UV light the material containing the ceria 

nanoparticles protects the dye from photodegradation and also in cell culture where the 

titania-ceria based nanocomposite is able to reduce the PBMC cell apoptosis. These 

results confirm the possibility to transfer the nanocomposite in plastic Petri dishes in 

order to develop a system capable to increase mechanical property leading to a better 

cell culture. However, more studies in the future are needed to achieve this goal. 

Some of the results obtained during my doctoral work have been published in 

international journals and they are very promising to develop a new antioxidant product 

with high biocompatibility and versatility.  
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