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ABSTRACT 

Cerium oxide nanoparticles (CeO2 NPs) are one of the most promising materials for 

future applications in medicine because of their interesting properties at nanoscale. 

CeO2 NPs have special attention due to their catalytic properties as antioxidant agent, 

being able to scavenge reactive oxygen species (ROS) such as H2O2, OH. , O2
-. These 

free radicals when they are in excess generate alterations in metabolism, producing 

effects such as neurodegenerative diseases, hepatic damage, retinal illnesses and, of 

course, inflammation. Necessity to have a properly agent for facing oxidative stress 

make CeO2 NPs interesting from medical point of view.  

However, CeO2 NPs also have the ability to act as oxidant elements in some cases. This 

fact is due to their high capacity to buffer electrons thanks to their unfilled 4f 

electronic structure, being reduced or oxidized in accordance with surroundings.  

In literature there is much controversy about mechanism of action and catalytic 

activity of cerium oxide nanoparticles in biological systems, apart from their toxicity 

too. For that reason, a suitable synthesis of this material is necessary and studying 

their mechanism of reaction is also required to understand characteristics of these 

nanomaterials which will be essential for their future applications.  

Characteristics of nanoceria produced have to be evaluated before their utilization 

because type of synthesis is responsible for properties of final product. In addition, it is 

also indispensable study activity of CeO2 NPs in biological media for being able to 

predict their behavior in those conditions. 

In conclusion, synthesis of CeO2 NPs will be responsible for characteristics of material 

so, studying and developing this process will be essential for taking the maximum 

advantage of their desired properties from cerium oxide nanoparticles for future 

medical applications. 
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1.1 INTRODUCTION 

Nanotechnology has been an emerging field in the last years. This fact is due to 

physical and chemical properties of materials change when their size is reduced to the 

nanoscale, getting even more reactive. This effect has allowed for development of new 

nanomaterials with applications in catalysis, sensing, fuel cells, energy storage, 

environmental monitoring, chemiresistors and medicine1–3. In fact, the increasing use 

of nanomaterials in consumer products that are exposed to the environment has led 

the necessity to understand their fate and transport. For this reason, an intensive 

research of nanoparticles behavior is necessary in each area of application.   

 
From all kind of existing nanoparticles, metal oxide nanoparticles have had a great 

importance in several applications, mostly in medical field2, thanks to their 

biocompatibility and stability. Properties of these nanomaterials are dependent of size 

and shape of the nanoparticle4, which make them interesting and susceptible of 

modification according to their use. 

 
Majority of applications in biotechnology which employ metal oxide nanoparticles are 

based on taking advantage of their physicochemical properties. Metal oxide 

nanoparticles present interesting characteristics which make them useful in medicine, 

such as magnetic properties5 in case of iron oxide nanoparticles, antimicrobial effect6,7 

in case of zinc oxide nanoparticles, catalytic activity8 in case of cerium oxide 

nanoparticles, vehicles for drugs and different biological substances9 in case of silica 

nanoparticles and, even also as active substances10. It has been widely reported the 

use of magnetic iron oxide nanoparticles as magnetic resonance image (MRI) contrast 

agent and also in hyperthermia treatment11,12. In addition, ferumoxytol is a medical 

solution of this kind of nanoparticles which is injected in the blood stream for anemic 

chronic patients13,14. It is commonly known the utilization of titanium in implant 

technology because of their biocompatibiblity and stability. Consequently, studies 

about titanium oxide for improving prosthesis materials and taking advantage of their 

photocatalytic properties are described in literature15. Zinc is a known element 

involved in metabolism and their toxic properties for microorganisms have been paid 



Chapter 1: Introduction 

   2 

attention for medical applications16. Moreover, silica nanoparticles offer a wide 

diversity of possibilities to use them in medical field because of their chemical stability 

and their easily functionalization of surface. These characteristics made this type of 

material really interesting for drug delivery applications, improving transport and 

solubility of hydrophobic drugs such as camptothecin17. Additionally, it has been 

reported useful application of silica nanoparticles in osteoporosis treatment18. Better 

efficiency in medical application will be done if nanoparticles have good 

monodispersity and suitable size of nanoparticle although these requirements are not 

indispensable in other applications of metal oxide nanoparticles such as 

petrochemistry, for example. 

 
In particular, cerium oxide nanoparticles are the most promising in the medical 

applications due to their catalytic activity as antioxidant19 and their capacity of acting 

as catalyzer mimicking enzymes superoxide dismutase (SOD) and catalase,  although 

there are some studies which disapprove the beneficial effects of ceria and they affirm 

that CeO2 can be toxic because they may behave as pro-oxidant, causing oxidative 

stress for microorganisms and human health20–23. This antioxidant property depends 

on number of oxygen vacancies and crystal structure of nanoparticle24. Cerium oxide 

has the capacity to scavenge reactive oxygen species (ROS), H2O2, OH. , O2
-, causers of 

oxidative stress and inflammation. ROS are generated accidently in cellular respiratory 

process, reacting with proteins, lipids membrane or even genetic material due to its 

high instability and producing cell damage and, consequently inflammation. Normally, 

there are several existents enzymes which are responsible for reacting with those 

species such as superoxide dismutase, catalase, peroxidase and glutathione has 

antioxidant activity (GSH), allowing a correct balance in metabolism. However, when 

cellular stress conditions are given, a high production of these free radicals is triggered. 

This ability of ceria nanoparticles to react with free radicals could be benefited in 

treatments of diseases deriving from oxidative stress. This is the case of liver cirrhosis, 

age-related macular disease (AMD), neurodegenerative illnesses and some 

cardiovascular problems and even cancer among others10,19,25,26.  
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Figure 1: Different diseases produced by oxidative stress, image taken from Celardo et al 

“Pharmacological potential of cerium oxide nanoparticles”, Nanoscale, 3(4), 1411-1420, 2008. 

 

Due to potential of nanoceria as biomedical tool8, a proper synthesis and intensive 

study of this nanomaterial have to be performed. Cafun et al24 reported a relation 

between catalytic activity and primary size of CeO2 NPs, viewing a major effect in 

nanoparticles of 3nm in comparison with 5 or 25nm, monitoring the decomposition of 

hydrogen peroxide by HERFD-XAS. So, small size of cerium oxide nanoparticles is 

preferable instead of big size of cerium oxide nanoparticles for medicine. 

 It has been reported many different kind of synthesis of cerium oxide nanoparticles in 

the literature but many of the products obtained differ from each other, presenting 

diverse characteristics. Also there are numerous reports viewing diverse effects of 

CeO2 NPs in biological systems. There is much controversy in bibliography about this 

material concretely. In this thesis work is questioned the quality of the nanomaterials 

synthesized in literature. It is significant highlight the fact that properties of materials 

are dependent of their synthesis, apart from the fact that many of the described 

effects probably may be correlated with size and aggregation of nanoparticles 

elaborated. Aggregation is the main problem during synthesis and in most cases is 
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related with the negative effects of these nanomaterials. Additionally, most toxicity 

studies of nanoceria described have been done with powder state nanoparticles. The 

utilization of nanopowder is not recommended, especially in medicine. In these 

conditions, correct solubility of nanoparticles or good dispersion of them is not 

resulted in many occasions, causing aggregates of hundreds or even thousands 

nanometers in size, greater responsible for the observed nanotoxicity. Zhang et al27 

reported that neither ultrasound nor chemical dispersants are able to break up powder 

aggregates into primary monodispersed nanoparticles. Nowadays, it is still working in 

different ways to reduce aggregates in small agglomerates dispersible in water without 

affecting characteristics of product. As far as possible, aggregation ideally has to be 

avoided and stable colloidal nanoparticles should be considered, especially if medical 

field is their destination.  

Thus, utilization of surfactants looks like good option if aggregation of nanoceria is not 

desired. In other applications, the nature of surfactant is not important but in 

medicine, there has to be in consideration biocompatibility of surfactant employed.   

On the other hand, nanoparticles tend to be unstable in biological media. That is 

mainly because of ionic strength conditions and pH. Cerium oxide nanoparticles need 

to be conjugated with biocompatible coatings (polyethylene glycol, dextran) or 

different biomolecules (e.g. antibodies, proteins) when they are applied in medical 

fields. The no coating of nanoparticles in physiological media produce the 

phenomenon of aggregation and, consequently, properties of nanoparticles are 

negatively affected and, in addition, an immunologic response can be generated in 

biological systems. For this reason, nanoparticles have to be well dispersed and 

protected when they are applied for systems in-vivo.  

 
So, the objective of this work consists in optimizing a suitable synthesis of 

monodisperse CeO2 NPs, understanding their mechanism of reaction in order to be 

able to predict behavior of these nanomaterials and studying physicochemical 

characteristics of the product synthesized, being capable of maintaining the desired 

properties in biological media for being applied to medical field.  
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1.2 NON AQUEOUS SYNTHESIS OF CeO2 NPs 

In non-aqueous phase, organic solvents interacted with a metallic precursor to form 

metal oxide nanoparticles. Indeed, solvent usually is the provider of oxygen in cerium 

oxide synthesis. Synthesis in organic phase let to apply knowledge of organic chemistry 

for producing inorganic nanomaterials. The fact that solvent acts as reactant has the 

advantage of controlling better the hydrolysis rate of precursor, mixing, pH, and 

concentration of anions28. Moreover, morphology of cerium oxide nanoparticles 

synthesized depends on precursors and solvents employed. Thus, non-aqueous 

synthesis offers a good size and shape control of nanoparticle, few problems with 

aggregation and control of crystal growth even at low temperature.  Normally, it is 

used in this kind of synthesis organic precursors such as alkoxides which can also be 

supplier for oxygen. Niederberger et al29 described four different mechanism of 

formation for all kind of metal oxide nanoparticles in non-aqueous phase; (Eq.1) 

Combination of metal halide with metal alkoxide eliminating an alkyl halide, (Eq. 2) 

Condensation of two alkoxide precursor releasing ether organic molecule, (Eq. 3) 

Reaction of metal alkoxide with metal carboxylate eliminating ester organic molecule, 

(Eq. 4) Aldol condensation when ketones are used as solvents. 

 

 

Figure 2: Scheme explaining the four mechanisms about formation of different kind of metal oxide 

nanoparticles in non-aqueous synthesis, taken from Niederberger “Non-aqueous sol-gel routes to metal 

oxide nanoparticles”, Accounts of Chemical Research, 40(9), 793-800, 2007. 
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Non-aqueous synthesis can be also made with help of surfactants and even with only 

solvent as reactant. Surfactants are substances which provide good colloidal stability 

avoiding aggregation. Surfactants stabilize nanoparticles by steric or electrostatic 

interactions. Thus, surfactants offer a good size and shape control about cerium oxide 

nanoparticles synthesized but their use in organic phase does not ensure that reaction 

happens by mechanisms described previously. In fact, use of surfactants may generate 

secondary reactions generating unexpected organic impurities, apart from limiting 

accessibility at the cerium oxide nanoparticle surface30.  

 
For the purpose to avoid those disadvantages, non-aqueous synthesis with solvent 

control is developed. In this type of reaction, there are only two components: cerium 

metallic precursor and solvent. Choice of solvent in this kind of synthesis is essential to 

determine size, shape and distribution size. So, products generated in these reactions 

are easily predicted and high purity is obtained in comparison with surfactant 

synthesis. However, solvent control synthesis offers less control of size and 

morphology in comparison with employment of surfactants, and formation of 

agglomerates in some cases30. 
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1.3 AQUEOUS SYNTHESIS OF CeO2 NPs 

Water is used as media instead of organic solvents due to economic reasons, solubility 

of precursors and non-toxicity. The wide complexity of aqueous solutions because of 

water reactivity tends to affect size and morphology of nanoparticles when slight 

variations are done during process of synthesis. There are many different ways to 

produce cerium oxide nanoparticles in non-aqueous synthesis which can be also 

applied for aqueous phase. Sonochemical and hydrothermal methods are some 

examples of that. Aqueous sonochemical synthesis consists in applying high-intensity 

ultrasound for a solution of a cerium precursor, forming millions of micro-bubbles 

which generate high temperatures, high pressures and elevated cooling rates in the 

moment of their implosion31. These extreme conditions are able to form nanoparticles 

from inorganic salts. On the other hand, hydrothermal synthesis consists in submitting 

a cerium precursor dissolved in water to high temperatures and pressures. Size particle 

in hydrothermal method depends on subjected thermodynamic conditions and 

concentration of precursor used32. Other method employed to synthesize cerium oxide 

nanoparticles in aqueous phase consists in the sol-gel technique. This method basically 

creates an inorganic polymer from a cerium precursor by reaction of water with 

addition of a suitable reagent (acid or base for instance). This colloidal dispersion of 

nanoparticles is called sol and, after hydrolysis, condensation is produced, forming a 

solid gel in liquid phase. The liquid is removed to dry the gel and thermal treatment is 

done after that obtaining nanoparticles. According to the treatment of gel used, it 

forms a different variety of sizes and shapes of cerium oxide nanoparticles. Of course 

type of precursor employed, inorganic salt or alkoxide can also influence synthesis. As 

the same case as non-aqueous synthesis, use of surfactants are also very common in 

aqueous synthesis. In fact, microemulsion method of synthesis employs surfactants to 

separate two immiscible phases, oil and water. Surfactants in these special conditions 

generate microemulsions or micellas which works as tiny reactors for cerium oxide 

nanoparticles synthesis. Modification of surfactant concentration or type of surfactant 

in this class of synthesis allow for controlling size and morphology of CeO2 NPs 

produced33.  
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However, the most promising synthesis are soft-chemistry routes, in which good 

control from the molecular precursor to the final product is achieved, offering high 

purity and homogeneity, and low processing temperatures. Alkali precipitation 

method, for instance, is gaining interest because of its ease, cheap and low energy 

applied for the synthesis system. Precipitation method offers some advantages: it is 

simple and rapid reaction, easy control and size composition, and various possibilities 

to modify the particles surface state and overall homogeneity.  Precipitation of salts 

(nitrates, sulphates, chlorides) under a fine control of pH by addition of ammonium 

hydroxide, sodium bicarbonate or sodium hydroxide solutions yields corresponding 

metal oxide nanoparticles. In this process, desired component is precipitated in 

hydroxide specie from the aqueous solution (Eq. 5). Then, step of dehydration is 

generated forming oxide specie (Eq. 6).  

Mn+ + nOH- ↔ M(OH)n     (Eq. 5) 

M(OH)n ↔ MO + H2O      (Eq. 6) 

 

When there are two components in the system is called co-precipitation. For example, 

in the case of synthesis of iron oxide nanoparticles (Fe3O4), Fe2+ and Fe3+ species are 

precipitated at the same time.  

 

Several steps can be identified: supersaturation, nucleation, crystal growth to form 

primary products and aggregation of primary nanoparticles34. Initial mixing in solution 

has a significant effect in phenomenon of precipitation. Good mixing results in 

homogeneous synthesis of nanoparticles, particularly in co-precipitation methods. 

Rate of stirring affects initially nucleation and also agglomeration but growth rate is 

not very influenced by this fact. Solution must to be supersaturated so that 

precipitation happens. Concentration of precursor, pH and temperature are 

parameters which affect supersaturation. High temperatures increase solubility and, 

on the contrary, high pH decrease solubility. For this reason, an addition of base is 

more suitable for precipitation methods of synthesis. Besides, supersaturation is 

needed to nucleation happens. Nucleation may proceed automatically through 

formation of M(OH)n specie. Nucleation starts with the formation of clusters
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which are capable of growing spontaneously by the continuous addition of monomers 

until a critical size is reached. On the other hand, growth of nanoparticles is produced 

by adsorption of ions on surface of seeded particles.  

 

This growth depends on concentration of ions, temperature and pH. Rates of growth 

and nucleation are independents. If nucleation rate is faster than growth, a narrow size 

distribution of small cerium oxide nanoparticles will be produced but if growth rate is 

faster than nucleation, then a narrow size distribution of large cerium oxide 

nanoparticles will be formed. Finally, agglomeration consists in electrostatic 

interactions among size primary nanoparticles on their own. This phenomenon is 

difficult to control and is very common in aqueous synthesis of metal oxide 

nanoparticles although many times these aggregates can be undo of several ways such 

as surfactants, ultrasounds or vigorous stirring.  

 

Aggregation is responsible of many negative effects caused by cerium oxide 

nanoparticles so, it is indispensable to avoid this phenomenon if it is wanted to 

allocate CeO2 NPs to medicine. 
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1.4 METHODOLOGIES DESCRIBED OF CeO2 NPs 

Synthesis of nanoparticles is one of the most important parts in the area of 

nanotechnology and it is still active. A suitable synthesis of materials at the nanoscale 

offers a high quality product with characteristics which are not present in big scale and 

they can be beneficial according to its application. In general, synthesis of any metal 

oxide nanoparticles is an attractive task because of their intrinsic properties. Intrinsic 

properties of these materials depend on size and morphology of the nanoparticle. For 

this reason, several types of synthesis have been described in the literature. Conditions 

of synthesis such as solvent, temperature, pressure or reactants affect to nanoparticles 

and a modification of them can lead to structural changes in the nanoparticle and, 

consequently in their characteristics. However, not all changes generated have to be 

positives for material. In fact, small variations tend to produce negative effects in most 

cases. For this reason, controlling synthesis of nanoparticles is the most significant step 

of working in nanoscience.   

 
Synthesis of nanoparticles normally may be classified in non-aqueous and aqueous 

phase but not all kind of synthesis is valid for any future application. For instance, non-

aqueous phase employs organic compounds and nanoparticles made by this route 

would not be so appropriated for medicine because of possibility of existing toxic 

traces used in this synthesis for biological organisms. Summarizing, synthesis method 

ideally has to be adapted according to the purpose where nanoparticles will be fated.  

 
Then, the following table 1 summarizes the synthesis of CeO2 NPs described in 

literature, with details of reactants, temperature, size nanoparticle, phase of synthesis 

and techniques employed: 
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Technique Phase Reactants Temperature  Primary size CeO2 NPs References Year 

Hydrothermal Aqueous ((NH4)2Ce(NO3)6 5h at 150-240ºC   6nm Hirano et al
35

 2000 

Sonochemical Aqueous Ce(NO3)3, TMAOH,AZO Sonication 3h at 80ºC 3.3nm Yin et al
36

 2002 

Precipitation Aqueous Ce(NO3)3, HMT Room temperature 3-12nm Zhang et al
37

 2002 

Precipitation Non-Aqueous Ce(NO3)3, NH4OH, alcohol Reaction at 50ºC/ Dried at 60ºC <10nm Chen et al
38

 2004 

Microemulsion Non-Aqueous Phosphatidylcoline, NH4OH, 
Ce(NO3)3 

Room temperature 3.7nm Tsai et al
39

 2007 

Hydrothermal Aqueous Ce(NO3)3, NH4OH Reaction 110ºC/1h at 300ºC/ 24h at 
120ºC  

3-5nm Patil et al
40

 2007 

Precipitation Aqueous Ce(NO3)3, NH4OH, PAA, 
dextrane 

Room temperature 3-4nm Asati et al
41

 2010 

Sol-Gel Aqueous Ce(NO3)3, NH4OH, urea Sol dried at 100ºC 24h/Gel calcined 
400-600ºC 

7nm Periyat et al
42

 2011 

Solvothermal Non-Aqueous Ethanol, Ce(NO3)3 24h at 110-150ºC   9.5nm Walton et al
43

 2011 

Hydrothermal Aqueous HMT, CeN 2h at 100ºC/ 12h at 150ºC 5-10nm Xue et al
44

 2011 

Precipitation Aqueous Ce(NO3)3, ammonia  Calcination at 500ºC 5nm Renuka et al
45

 2012 

Precipitation Aqueous Ce(NO3)3, NH4OH, ethylene 
glycol 

14h at 50ºC/Calcination 16-22nm De Marzi et al
21

 2013 

Microemulsion Non-Aqueous AOT, H2O2, NH4OH, 
Ce(NO3)3 

Room temperature 3-5nm Chaudhury et al
46

 2013 

Sol-Gel Non-Aqueous Ce(NO3)3, etanol, TEA Dissolution at 90ºC/2h at 
270ºC/Calcination 

6.5nm Balavi et al
47

 2013 

Microemulsion Non-Aqueous Octanol, ammonia, DEAO, 
Ce(NO3)3  

Drying at 90ºC/Calcination 3.9nm Balavi et al
47

 2013 

Precipitation Aqueous Ce(NO3)3, ammonia 1h  at 70ºC/24h at 0ºC/drying at 90ºC 10nm Khadse et al
48

 2014 

Hydrothermal Aqueous Ce(NO3)3, agarose 200-800ºC 20nm Kargar et al
49

 2015 

Table 1: List of different synthesis of CeO2 NPs described.
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As it is viewed in table 1, there are many ways to obtain cerium oxide nanoparticles. 

However, in this work it is tried to look for a synthesis which origins a product useful 

for medicine, with systems in-vivo as destination. As it is mentioned before, non-

aqueous synthesis employs organic solvents or compounds which in most cases are 

toxic for living organisms. Preventing the use of toxic substances because of possibility 

of having few traces in the final product looks like reasonable. Consequently, in this 

thesis, an aqueous synthesis has been developed. 

On the other hand, Karakoti et al50 reported the effect of temperature during synthesis 

with the catalytic activity of synthesized CeO2 NPs. They viewed a major pro-oxidative 

effect of nanoceria when high temperatures were used in comparison with synthesis at 

room temperature, which generated a major antioxidant capacity. In the following 

table (table 2) the correlation between temperature and catalytic activity of cerium 

oxide nanoparticles can be checked. As it apparently seems to be better working at 

room temperature, in this thesis work this requirement is chosen.    

Once it is decided to work in aqueous phase and room temperature, the technique of 

synthesis has to be defined. Model of work employed by Zhang et al (viewed 

previously in table 1) easily fits with these desired conditions. So, consequently 

method of alkali precipitation is chosen. 

It is important to say that in this thesis; Zhang´s work will be initially taken as 

reference, but modifications will be done in the protocol of synthesis described with 

the purpose of adjusting characteristics of CeO2 NPs synthesized to our objective, their 

future application in the medical field.  
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Table 2: Scheme which relates response of CeO2 NPs with their temperature, taken from Karakoti et al, 

“Preparation and characterization challenges to understanding environmental and biological impacts of 

ceria nanoparticles”, Surfaces and interface analysis, 44(8), 882-889, 2012. 
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2.1 INTRODUCTION 

As it was mentioned in chapter 1, Zhang´s protocol is taken as reference to synthesize 

CeO2 NPs but rapidly changes are done in the methodology of synthesis. 

Firstly, reactant hexamethylenetetramine (HMT) used in synthesis of Zhang will be 

substituted by a base. This fact is due to toxicity of this reactant towards 

microorganisms. HMT act as a detergent, being able to destabilize cell membranes 

and, as consequence, producing cellular death. HMT in water solution is discomposed 

forming formaldehyde and ammonia with time, offering the basic media necessary to 

produce CeO2 NPs. With the aim of avoiding HMT toxic traces in the final product, this 

precursor will be changed.   

Consequently, tetramethylammonium hydroxide (TMAOH) will be used in reaction 

instead of HMT as base to cause alkali precipitation. TMAOH is chosen because it 

offers advantages which are not present in some bases such as ammonium hydroxide 

(NH4OH) or sodium hydroxide (NaOH). Cation TMA+ is capable of acting as electrostatic 

surfactant in better way in comparison with NH4
+ cation thanks to their hydrocarbon 

chains so, consequently synthesized CeO2 NPs are more stables. On the other hand, 

cation TMA+ is less aggregating in comparison with cation Na+. This phenomenon is 

due to their low value q/r relation (q is charge and r is ratio of molecule). Large 

counter-ions provide better stability at nanoparticles. A high q/r relation always tends 

to be related with high aggregating effect. Cation TMA+ is bigger in size than sodium 

cation and both have same charge so, Na+ lead to more aggregation.  

Then, synthesis of CeO2 NPs in this thesis work will consist in a cerium (III) salt (nitrate, 

chloride) as metallic precursor dissolved in water and subsequent addition of TMAOH 

to initiate reaction. Ce3+ in solution will be oxidized in basic media and later 

precipitation and formation of nanoceria will be produced. Quantity of TMAOH added 

will be responsible for yield of reaction. This point will be explained with more detail in 

section 2.2.7 xylenol-orange in studies of reaction.  

Analysis of results obtained is shown in following section studies of reaction. 
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2.2 STUDIES OF REACTION 

2.2.1 ULTRAVIOLET VISIBLE SPECTROSCOPY MONITORING 

It is clearly recognized peak of Ce3+ at 253nm and peak of CeO2 NPs ~290nm. There is 

an increase of peak CeO2 since first minute until 75 minutes in both cases. After that, 

there is a reduction of absorbance because of aggregation which is produced. 

Phenomenon of aggregation tends to decrease peak and cause red-shift. This effect is 

higher according to grade of aggregation. It is also viewed no differences between 

different precursors.   
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Figure 3: Evolution of reaction measured by Ultraviolet spectrophotometer for both precursors. 
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2.2.2 DYNAMIC LIGHT SCATTERING MONITORING 

Dynamic light scattering (DLS) is a technique that can be used to determine the size 

distribution profile of small particles in suspension or polymers in solution. A laser is 

shot through a polarizer and into a sample. The scattered light is collected by a 

photomultiplier and the resulting image is projected onto a screen. All molecules in the 

solution are being hit with the light and all of the molecules diffract the light in all 

directions. The resulting set of speckle patterns are analyzed by an autocorrelator that 

compares the intensity of light at each spot over time. Consequently, signal analyzed is 

related with size of colloidal object. Thus, DLS is used to check size of cerium oxide 

nanoparticles in solution (hydrodynamic size) and presence of aggregates in the 

sample. Results are shown below in table 3 and figure 4. Values of table 3 are analysed 

by number distribution while graphics represented in figure 4 are obtained by intensity 

distribution. 

 

 Ce(NO3)3 as precursor   CeCl3 as precursor 

 Hydrodynamic ratio 
(diameter) 

  Hydrodynamic ratio 
(diameter) 

1min 12.4±1.7nm  1min 12.8±0.2nm 

15min 11.2±1.05nm  15min 10.2±0.6nm 

30min 15.3±0.94nm  30min 9.3±0.44nm 

45min 16.3±1.11nm  45min 10.4±0.64nm 

75min 27.2±8.1nm  75min 10.3±0.66nm 

90min 85.7±30nm  90min 25.5±3.3nm 

120min 122.8±25nm  120min 168.6±57nm 

24h 564.6±42nm  24h 656.6±482nm 
 

Table 3: Evolution of hydrodynamic size respect time for both precursors. Values obtained by Number 

distribution. 

 

 

 

 

 

 

https://en.wiktionary.org/wiki/particle
https://en.wikipedia.org/wiki/Polymers
https://en.wikipedia.org/wiki/Solution
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Figure 4: Graphic representation of size distribution by intensity respect different times of reaction for 

both precursors. Each data shown is measured by triplicate. 
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2.2.3 COLOUR EVOLUTION OF SYNTHESIS CeO2 NPs 

In the first moment of addition TMAOH, mix starts to be red. This colour is generated 

as consequence of oxidation process. Intensity of red colour is apparently related with 

quantity of Ce4+ formed in reaction. This red colour persists until 75 minutes and then, 

a white colour appears indicating formation of CeO2 NPs aggregated. This effect is 

checked in both precursors.  

 

 
 

 

 
 

Figure 5: In the top, colour evolution of synthesis CeO2 NPs with Ce(NO3)3 as precursor. On the bottom, 

colour evolution of synthesis CeO2 NPs with CeCl3 as precursor. 
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2.2.4 EVOLUTION pH REACTION 

Initial pH 12 corresponds to base added. After addition, close to neutral pH is kept as 

consequence of combination between base and cerium precursor solution until 

approximately 40 minutes during the mix. Then, values of pH start to reduce until a 

slight acidic pH 5, where is practically constant the rest of the time. There is no much 

difference between both precursors.  
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Figure 6: Evolution of pH in reaction of synthesis with both precursors. 
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2.2.5 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

Images TEM of CeO2 NPs synthesized with both precursors were analysed. Same size is 

practically viewed for both cases, around 5 nanometres and crystalline structure was 

viewed by HR-TEM. 
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Figure 7: Images TEM taken from Jeol 1010 80KV for both precursors (A-nitrate; B-chloride). Size 
distribution is calculated by ImageJ software. 
 

 
Figure 8: Images HR-TEM taken from Tecnai F20 200KV, in which is viewed crystalline planes (crystalline 

structure) of synthesized CeO2 nanoparticles.  
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2.2.6 SYNTHESIS UNDER N2 CONDITIONS 

Synthesis of CeO2 NPs is prepared under N2 stream. Also, both solutions of cerium and 

base were previously deoxygenated with N2 during 30 minutes before mixing. This 

experiment is done with the aim of understanding role of oxidation in the process of 

synthesis in which O2 is apparently responsible. It is viewed no formation of 

nanoparticles when chloride is used as precursor while a peak of CeO2 NPs is detected 

when nitrate is employed (see figure 9). This fact is due to weak oxidant property of 

nitrate, which is only detected at long times. Conclusions obtained in this experiment 

will be used to explain the mechanism of reaction in the following section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Evolution of reaction under N2 stream measured by UV spectrophotometer for both precursors 
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2.2.7 XYLENOL-ORANGE 

Xylenol-orange is a metallochromic indicator that forms a stoichiometric complex 1:1 

with some rare earths elements in which cerium (III) is included.  Ce3+ in solution mixed 

with xylenol-orange forms a colored product easily measurable at 576nm by 

spectrophotometer not only allowing qualitative detection but also quantitative 

analysis. This technique was described by Tonosaki et al51 and their protocol is adapted 

in this thesis work with some modifications, allowing to detect from 0 until 40µg of 

Ce3+ in solution. This technique will be tremendously useful for finding out conversion 

of the synthesis according to base added and also to study evolution of cerium (III) 

during reaction. It can be viewed in figure 10 evolution of precursor during synthesis 

(stoichiometry Ce-base 1:1 is represented although the same evolution is tested at 

different stoichiometry). It can be checked diminution of Ce3+ concentration until 75 

minutes of reaction and then, concentration is practically constant. Also it is viewed 

conversion of Ce3+ respect base added in the same figure (represented in function of 

stoichiometry, considering 1 for cerium in each point). It is clearly seen the higher 

concentration of base employed, the higher conversion rate in reaction.  

Experimental method of xylenol-orange is described in section 8.3 Annex.  
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Figure 10: In the left, it is viewed evolution of Ce
3+

 during reaction of synthesis. In the right, graphic 

which represents conversion of cerium respect concentration of base added in function of their 

stoichiometry, considering value 1 for cerium concentration. 
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2.3 MECHANISM OF REACTION 

2.3.1 INTRODUCTION 

In this section, it is described a hypothesis of possible mechanism of reaction of the 

synthesis employed in this thesis. It is important to highlight that in this process of 

synthesis, oxidation is produce because precursor of Ce3+ is used. Zhou et al52 reported 

a synthesis of CeO2 NPs by oxidation of Ce3+ with hydrogen peroxide. However this 

process cannot be generated as it has been tested in this thesis in figure 11. In neutral 

or acidic pH, hydrogen peroxide is not capable of oxidizing Ce3+ but a yellow complex is 

formed53. Hayat described in his book Stains and citochemical methods (chapter 8, 

pages 102-103) this phenomenon, characterizing the yellow specie perhydroxide 

Ce(OH)2(OOH) when cerium (III) is reacted with H2O2, especially in cases where the 

H2O2 is in excess, forming an stable soluble complex that avoids Ce3+ oxidation. Hence, 

it can be concluded dissolved oxygen is the main source of oxidation. Nevertheless, 

oxygen only will be active in basic media.  

Then, mechanism of reaction will be explained and it will be able to classify in 3 steps, 

easily distinguished viewing evolution of pH in reaction. Also, diagrams of Pourbaix for 

cerium will be resorted in order to understand and facilitate a major comprehension.  

 

 
Figure 11: UV spectrum in which is easily detectable no peak of CeO2 NPs when H2O2 is used as reactant. 

In fact, is quiet similar to cerium precursor and there is no evolution in the peak for several days. 
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2.3.2 STEP 1: HYDROXILATION OF PRECURSOR 

All this set of reactions happens rapidly when the reaction begins. The basic solution 

initially is at pH 12 and the first drop of it which makes contact with cerium solution 

produces chemical insoluble specie Ce(OH)3 (Figure 12,B). Because of vigorous stirring 

the mix is at pH 8 so, consequently Ce(OH)3 is dissolved forming ionic species Ce(OH)2+ 

or Ce(OH)2
+(Figure 12,C). From this way, in solution there are hydroxylated soluble 

species of cerium.  

In defect of base concentration this mechanism is done while in excess of base 

concentration it is not. At high concentration of ions OH- do not allow to redissolve 

Ce(OH)3 produced into soluble species. Thus, subsequent oxidation is resulted from an 

insoluble solid instead of soluble components, generating Ce(OH)4 with rather 

amorphous structure. This effect is viewed in many precipitation methods described in 

bibliography (See table 1) in which base is always abundant. This fact is corrected 

submitting synthesized products at high temperatures, forming nanoparticles with 

crystalline structure at the end. But consequences of this last step consists in the 

collection of CeO2 NPs in powder state and it was previously described the problem of 

working with that type of nanomaterials for medical applications.  

So, it is recommendable in this kind of synthesis work with defect of base. According to 

diagram of Pourbaix, all quantity of base in which pH of synthesis is too high is not 

desirable for good quality collection of nanoceria. 
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Figure 12: A) Step of hydroxylation of precursor signaled in monitoring pH of reaction. B) Diagram of 

Pourbaix in which is represented formation of insoluble Ce(OH)3 from Ce
3+

 as consequence of base 

addition. C) Diagram of Pourbaix in which is represented formation of soluble species Ce(OH)
2+

 and 

Ce(OH)2
+
 from Ce(OH)3 as consequence of pH in the mix. 
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2.3.3 STEP 2: OXIDATION OF CERIUM 

The following step to hydroxylation of cerium consists in oxidation. Soluble specie 

Ce(OH)2+ and Ce(OH)2
+are susceptible of being oxidized by oxygen, contrarily to Ce3+. 

Ce3+ is a stable ion in solution resistant to oxidation as described previously in 2.3.1 

point of this thesis but their hydroxylated compounds are not. Dissolved oxygen is the 

mean responsible of this step, checking it fundamentally in earlier 2.2.6 section 

(experiments of synthesis under N2 atmosphere where there is no presence of O2). It 

was viewed no existence of CeO2 NPs in synthesis under N2 stream when CeCl3 was 

used as precursor. In other words, there was only precipitation of white solid Ce(OH)3 

in absence of oxidant substances. Nevertheless, there was nanoceria in this same 

conditions when Ce(NO3)3 was used. This fact is because ion nitrate act as an oxidizing 

agent at long reaction times. So, it can be concluded dissolved O2 becomes one more 

reactant of the process to be considered in this type of synthesis. 

Therefore, species Ce(OH)2+ and Ce(OH)2
+ are oxidized in species Ce(OH)3+, Ce(OH)2

2+ 

or Ce(OH)3
+ according to diagram of Pourbaix (Figure 13). Besides, there is possibility of 

these new soluble oxidized species is related with red colour viewed in the process of 

synthesis but there is still controversy in this point. Some authors attribute red colour 

to Ce3+ while others attribute it to Ce4+. Chen et al54 reported that red colour can be 

related with Ce(H2O)x(OH)y
(4-y)+ compound. What seems certain is the red colour is not 

related with morphology of nanoparticles. Tang et al55 reported the presence of that 

colour in synthesis of CeO2 nanotubes.  

Finally, it is viewed that reaction of oxidation is done practically at pH constant. It is 

truth that it is detected a variation since pH 8 until pH 7.5 (figure 13) but analyzing it as 

concentration of ions [H+], variation is irrelevant. This fact is significance because it can 

be concluded both oxidation as formation of Ce(OH)4  are not simultaneous processes. 
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Figure 13: In the top, step of oxidation signaled in monitoring pH of reaction. On the bottom, diagram of 

Pourbaix in which is represented formation of oxidized soluble species of Ce
4+

 from soluble species of 

Ce
3+

. 
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2.3.4 STEP 3: PRECIPITATION AND FORMATION OF CeO2 NPs 

Once Ce4+ was obtained, soluble oxidized species (Ce(OH)3+, Ce(OH)2
2+ ,Ce(OH)3

+ or 

Ce(H2O)x(OH)y
(4-y)+) are converted into CeO2 owing to release of hydronium ions H3O+ 

(Eq. 7, figure 14), coinciding with decrease of pH detected during reaction of synthesis. 

This fact is also reported by Chen et al56 and Hirano et al57.   

Ce(H2O)x(OH)y
(4-y)+ + H2O ↔ CeO2.nH2O + H3O+ (Eq.7) 

CeO2.2H2O ↔ Ce(OH)4  (Eq.8) 

Acidification in mix of synthesis behaves as indicator of nanoparticles formation. There 

is no CeO2 NPs until great variation in pH is measured. It is important highlight species 

cerium oxide and hydroxide are in equilibrium with water in solution (Eq.8). As it was 

described in this thesis, nanoceria synthesized by this method already have crystalline 

structure so, there is no necessity of heating final product. Indeed, it was already 

commented disadvantages and consequences of using high temperatures in previous 

sections of this work in synthesis of nanoparticles for medical applications. 

However, all cerium oxide nanoparticles synthesized are aggregated. This fact is 

caused because of presence of conditions which affect negatively stabilization once 

final product is generated. These bad conditions are meanly the high ionic strength 

due to high concentration of ions in solution and the surface charge. Ionic strength 

seems not so critical factor in comparison with surface charge because there are still 

aggregates when concentration of precursors is reduced. So, with the aim of studying 

effect of surface charge in stabilization, measures of potential zeta as a function of pH 

are done. Analyzing isoelectric point or point zero charge (PZC) of nanoparticles 

synthesized will help to understand this phenomenon. It is viewed the instability area 

(general values accepted of potential zeta for dispersion of nanoparticles to be 

electrostatically stabilized are between +30/-30mV) at neutral pH, indicating 

destabilization of CeO2 NPs in those conditions of pH, coinciding with evolution of 

reaction for this type of synthesis (Figure 14).  

Consequently, it has to find a way to avoid this irreversible aggregation of CeO2 NPs in 

the process of synthesis or it will be required utilization of surfactants. 
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Figure 14: In the top, step of precipitation signaled in monitoring pH of reaction. In the middle, diagram 

of Pourbaix in which is represented formation of CeO2 NPs from oxidized soluble species of Ce
4+

. On the 

bottom, representation of potential zeta respect pH, calculating PZC at pH 7 and area of instability 

between pH 5.5 and 10. 
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2.4 SYNTHESIS OF CeO2 NAKED 

Due to the fact that irreversible aggregation of CeO2 NPs is obtained at long times in 

this type of synthesis, modifications are required. One option consists in stopping 

reaction at short times before aggregation happens in reaction. This is succeeded 

centrifuging solution in the middle of reaction, separating cerium components from 

solution and removing supernatant with high concentration of ions. Thus, aggregation 

is avoided and good monodispersed nanoceria is generated (Figure 15).  

Method of synthesis is described in section 8.4 Annex of this thesis work. It is finally 

obtained CeO2 NPs well dispersed with positive surface charge. Besides, final pH is 

slightly acidic, between 4 and 5. 
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Figure 15: In the top left, it is shown stability of CeO2 naked by UV measures for several days. In the top 

right, it is shown DLS measures by intensity distribution of CeO2 naked, presenting monodispersity and 

positive charge in their surface. On the bottom, pictures of CeO2 aggregated (left) and CeO2 naked (right) 

made by this method. 
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2.5 DISCUSSION  

Experiments done in this thesis work have allowed know much better this type of 

reaction of synthesis CeO2 NPs. Results have shown both cerium nitrate and cerium 

chloride are useful for synthesis, viewing no much differences in UV, DLS, TEM and pH 

monitoring. Nevertheless, nitrate precursor seems to be more suitable precursor 

because this anion presents oxidant capacity (tested in synthesis under N2 conditions).  

It has been viewed oxidation is the most important step in this reaction so, use of 

reactants which favors this effect looks like more appropriate. 

At the same time, it has been analyzed important role of oxygen in reaction as oxidant. 

Anaerobic conditions have probed there is no formation of cerium oxide nanoparticle 

but cerium (III) hydroxide formation, unless another oxidant is present in reaction. 

Consequently, good ventilation and distribution of O2 is required for suitable synthesis 

of CeO2 NPs. Also, it has been checked only specie Ce(OH)x can be susceptible of being 

oxidized instead of Ce3+ which cannot in spite of some authors reported it.  

On the other hand, possible reasonable mechanism of reaction has been developed in 

order to explain formation of cerium oxide nanoparticles with the aim of producing an 

optimized proper product for medical applications. It has been checked working in 

excess of base is not good option because subsequent oxidation in that conditions will 

form nanoparticles with amorphous structure instead of crystalline structure and 

interesting catalytic properties of cerium reside in the crystal. Contrarily, soluble 

species (viewed in diagram of Pourbaix) are generated at lower base concentrations 

and these species are oxidized meanly by dissolved oxygen, producing the precursors 

of nanoceria. These oxidized soluble species are possibly related with red colour 

visualized in solution during reaction. After that, formation of CeO2 NPs is done by 

release of H+ acidifying solution (condensation). It is significant highlight the fact that 

this last step and oxidation process are not simultaneous. In first place, oxidation is 

produced and later formation of nanoparticles is done. This effect can be checked by 

pH and xylenol-orange experiments. During oxidation step pH is practically constant 

while during formation of nanoparticles Ce3+ detected by xylenol is practically constant  

as well and pH is decreased as consequence of release H+.  
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To know the mechanism of reaction will allow better final optimization of CeO2 NPs 

synthesized subsequently.  

Regarding the fact that oxide specie in water is in equilibrium with their hydroxide 

specie, as described in Eq. 8, there is no necessity of heating final product as other 

methods of synthesis described in table 1 because the product is already in solution. 

Dehydrate nanoparticles synthesized in order to dissolve it again when they are 

applied is an unnecessary process in this work.  

Finally, it is checked formation of CeO2 aggregates at the end of synthesis. This 

phenomenon of aggregation is easily detected viewing decrease in peaks of ultraviolet 

spectrum, increase in hydrodynamic sizes by DLS or visualizing white colour in the 

solution. This aggregation effect is done because there are no suitable conditions (the 

high ionic strength and neutral pH) when CeO2 NPs are formed to be stable. Study of 

point zero charge (PZC) helps to understand this effect. To analyze surface charge at 

different pH allow verifying pH of instability for nanoparticles which coincide with 

conditions during formation of CeO2 NPs during reaction.   

As aggregation is not permitted for medical applications, modifications in synthesis 

had to be done with the objective of obtaining monodispersed nanoceria instead of 

aggregated product. Thanks to understanding and conclusions drawn from 

experiments, it was capable to create good proper synthesis of CeO2 NPs (CeO2 naked) 

that complied with our requirements. 
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3.1 INTRODUCTION 

In this thesis work it is also studied this type of reaction with employment of 

surfactants. Biocompatibility of these compounds has to be considered if medicine is 

their destination. One possibly useful reactant for this task consists in 

polyvinylpyrrolidone (PVP), a water-soluble polymer which is biocompatible until 

10KDa of molecular weight. PVP with molecular weight bigger than 10KDa can be 

harmful because of their accumulation in the body. Indeed, in the past this substance 

had been massively used to increase the oncotic pressure in cases of bleeding58.  

Besides, the solubility in water of this polymer makes it good option for this kind of 

synthesis. Koczkur et al59 reported advantages of using PVP not only for synthesis of 

metal oxide nanoparticles but also for metal nanoparticles. PVP act as steric stabilizer 

being attached on nanoparticle surface, from this way interactions among 

nanoparticles are invalid. 

On the other hand, it was viewed the behaviour of molecule citrate as surfactant60. 

This substance gives negative charge to nanoparticles offering electrostatic repulsion 

and preventing interactions among them. Moreover, the utilization of citrate (at low 

doses) as surfactant in nanoparticles for medical application is promising because of 

the own nature of material. Citrate is a compound which is produced as intermediary 

metabolite of Krebs cycle in mitochondria so; the idea of a substance generated by 

their own body could be a stabilizer of synthesized nanoparticles is quite attractive. 

Additionally, citrate is employed in food industry as preserving agent and antioxidant. 

This characteristic of citrate is pretty remarkable in order to stabilize cerium oxide 

nanoparticles because both materials share the same property of interest for 

medicine. 

Consequently, synthesis of CeO2 NPs with PVP and citrate are done in this work and it 

is explained in the following sections. 
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3.2 SYNTHESIS CeO2 WITH PVP 

3.2.1 INTRODUCTION 

Due to the fact that surfactants offer wide stability, final product is subsequently 

difficult to purify. For that reason, modifications in concentrations of precursors are 

done with the aim of having high conversions of reaction to reduce presence of 

impurities. PVP does not have pH properties so, pH reaction is not altered and evolves 

in the same way explained in chapter 2. 

Then, synthesis in presence of surfactant PVP is done. It is obtained CeO2 NPs good 

dispersed with no surface charge. Procedure is explained in section 8.5 Annex.  

Other alternative can be once CeO2 naked NPs (see section 2.4) are synthesized, then 

this solution can be added on PVP solution. The results obtained by this route are the 

same in comparison with presence of PVP during synthesis, showing no differences. 

This is indeed a control to avoid aggregation and confirm mechanism. 

3.2.2 STUDIES OF REACTION 

3.2.2.1 UV SPECTROSCOPY MONITORING 

It is shown no decrease of peak ~290nm in comparison with synthesis without 

surfactant, indicating stability and efficacy of PVP. 
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Figure 16: UV monitoring of formation CeO2 NPs with PVP during synthesis. Peaks visualized are 

independent of PVP concentration. 
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3.2.2.2 DLS MONITORING 

Small size of hydrodynamic size of nanoparticle is kept respect time and no 

aggregation was viewed. At the same time, x-ray diffraction is done in order to know 

chemical nature of synthesized material, coinciding with oxide specie (CeO2). 
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Figure 17: In the right, scheme presenting evolution of hydrodynamic size of nanoparticle by intensity 

distribution. In the left, X-ray diffraction showing product synthesized is really CeO2. 
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3.2.2.3 IMAGES TEM 

There is no change in size of nanoparticles when PVP is used as surfactant. 
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Figure 18: Image TEM of CeO2-PVP taken from Jeol 1010 80KV. Size distribution is calculated by ImageJ 

software.  

 

3.2.2.4 COLOUR EVOLUTION 

Colours initially coincide with synthesis without surfactant but at long times, it is not 

viewed white colour previously described because of absence of aggregates. 

 

 

Figure 19: Colour evolution of CeO2-PVP synthesis over time. 
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3.3 SYNTHESIS CeO2 WITH CITRATE 

3.3.1 INTRODUCTION 

Citrate is a substance which acts as surfactant of nanoparticles but it also is able to 

interact with precursor. Bobtelsky et al61 reported capacity of citrate to form complex 

with cerium (III), producing a white solid easily capable of being dissolved in excess of 

ligand or base. This effect is viewed in this work and it is related with stoichiometry of 

reaction (table 5, figure 20). 

Due to capacity of white solid formation of Ce3+ with citrate, it is desirable the 100% 

conversion with the aim of avoiding presence of this solid in the reaction. 

Utilization of citrate as surfactant presents notable differences in comparison with the 

use of PVP. Reaction is slower than the others previously described. Colours generated 

are different and, in addition, there is a modification in size of nanoparticles being 3 

nanometers, smaller than original synthesis. Thus, the use of citrate not only has 

consequences synthesizing stable monodispersed CeO2 NPs but it is generated a new 

different type of nanoparticle. 

 

 

   

Figure 20: Visualization reactions of Ce
3+

 with citrate according to stoichiometry (considering 1 for Ce
3+

). 
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Table 5: Probable species which are in solution when cerium (III) is mixed with citrate. 

Method of synthesis with citrate as surfactant is described in section 8.6 Annex of this 

thesis work. It is obtained nanoparticles with negative charge in their surface as 

consequence of citrate molecules interaction at basic pH.  

In addition, red pellet centrifuged in synthesis CeO2 NPs naked (see 2.4 point) can be 

also resuspended with citrate solution (2.2mM) instead of water. But in this case there 

is no modification in size (5nm) although negative charges in nanoparticle surface are 

obtained equally as it has been described previously (Samples done by this way are 

called CeO2 resuspended in citrate in this thesis). 

3.3.2 STUDIES OF REACTION 

3.3.2.1 UV SPECTROSCOPY MONITORING 

There is no decrease of peak ~290nm, indicating absence of aggregation and 

stabilization with citrate. Also it is viewed that peak 24h is higher than peak 120min, 

showing reaction still works after that time.  
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Figure 21: UV monitoring of formation CeO2 NPs with citrate during synthesis. There is no influence of 

citrate concentration in analyzed peaks. 

 

 Species in solution Color 

Stoichiometry 1-0.5 Ce3+; Ce[Cecit2](s) Partially white 

Stoichiometry 1-1 Ce[Cecit2](s) Totally white intense 

Stoichiometry 1-1.5 Ce[Cecit2](s); (Ce2cit3)
3- Partially white 

Stoichiometry 1-2 (Ce2cit3)
3- colorless 
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3.3.2.2 DLS MONITORING 

Following table shows small hydrodynamic size of CeO2-citrate in comparison with 

other reactions described in earlier sections. This small diameter detected is 

remarkable because it is not common obtain such small sizes of any metal oxide 

nanoparticles with DLS technique. Also, x-ray analysis is done obtaining oxide specie as 

nature of new material synthesized.  
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30min 2.78±0.35nm 
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120min 3.02±0.07nm 

24h 8±0.37nm 
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Figure 22: In the right, scheme presenting evolution of hydrodynamic size of nanoparticle by intensity 

distribution. In the left, X-ray diffraction showing product synthesized is really CeO2.  
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3.3.2.3 IMAGES TEM 

It is viewed a smaller size of nanoparticle than rest of syntheses made in this work, 

around 3nm. Due to their size and low contrast which present this type of 

nanoparticles, it is recommendable utilization of ultrafine carbon grids in order to 

improve visualization and detection. It is curiously checked presence of two different 

kinds of nanoparticles in reaction Ce-citrate stoichiometry 1-0.5 (figure 23), ones with 

5nm and others with 3nm. This fact may be explained viewing table 5, in which Ce3+ 

free in solution produces size nanoparticles of 5nm while cerium in combination with 

citrate generates size nanoparticles around 3nm. 
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Figure 23: Images TEM taken from Jeol1010 80KV of synthesis CeO2-citrate at different stoichiometry. 

Size distribution is calculated by ImageJ software.  
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3.3.2.4 COLOUR EVOLUTION 

White colour of initial compound deriving from combination between cerium (III) and 

citrate (see figure 20) is rapidly dissolved in the moment of base addition. Red colour 

commonly viewed in this synthesis persists more time and finally a transparent yellow 

solution is obtained.   

 

 
Figure 24: Colour evolution of CeO2-citrate synthesis over time. 

 3.3.2.5 EVOLUTION pH REACTION 

Due to activity of buffering pH of citrate, reaction is kept at basic pH over time. It is 

viewed an acidification during reaction but at the end there is no acidic pH. 
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Figure 25: Evolution of pH in reaction of synthesis CeO2-citrate at different stoichiometry. 
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3.4 DISCUSSION 

It is checked surfactants offer an alternative in order to avoid aggregation. This effect is 

tested both PVP and citrate viewing no decrease in peaks of their UV spectrum while 

reaction is evolving, hydrodynamic sizes measured by DLS remain practically constant 

during reaction for both surfactants and there is no visualization of white solid in the 

process of synthesis. Indeed, there is a transparent colorless solution in the case of 

PVP and transparent yellow solution in case of citrate. 

Monodispersed CeO2 NPs are obtained with both surfactants but there are differences 

among them. In the case of PVP reaction, evolution of pH is the same that synthesis 

nanoceria without surfactants, having an acidic pH at the end of reaction. Contrarily, in 

the case of citrate reaction, pH is kept around 10 because citrate solutions have a 

buffering capacity at basic pH. Thus, CeO2-citrate NPs have negative charge while 

CeO2-PVP NPs present neutral charge. That is because PVP molecules are attached on 

the surface of nanoparticle, evading any outside interaction. Indeed, PVP gives stability 

owing to steric impediment while citrate gives stability owing to electrostatically 

impediment.   

On the other hand, size of nanoparticle is not affected when PVP is employed as 

surfactant whereas in case of use citrate varies. Images taken from electronic 

microscopy are shown diameter of 5nm for CeO2-PVP and around 3nm diameter for 

CeO2-citrate. 

Consequently, another type of nanoparticle is generated and subsequent catalytic and 

biological assays needs to be done with the aim of being able to distinguish what kind 

of nanoparticle can be more suitable for medical applications. 
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4.1 INTRODUCTION 

Polidispersity produced in some synthesis of cerium oxide nanoparticles happens 

because interactions among nanoparticles are stronger than rest of interactions 

present in solution. This polydispersity affects drastically biodistribution and 

conjugation with biological materials. Any aspect which affects the surface, it will have 

implications in biological media because interaction between cerium oxide 

nanoparticles and biological entities are produced at nanoparticle surface. For that 

reason, monodispersity of nanomaterial is the key to understand interactions of 

biological components. On the other hand, surface charge plays an important role in 

the kinetic of interactions so, the study and control of this parameter could be greatly 

useful for predicting behavior of nanomaterials in presence of proteins or their 

internalization in cells62,63. Proteins have the ability to join nanoparticles avoiding their 

aggregation, very common effect in physiological media. Adsorption of proteins onto 

nanoparticle surface can be defined as Protein-Corona. Protein-corona can provide the 

biological entity of nanoparticles. Hünh et al64 viewed that there was no much 

difference in protein-corona formation when negative and positive nanoparticles are 

used but charge surface of protein-corona influenced in cellular interaction. According 

to Verma et al63, nanoparticles with neutral charge do not interact to cells while 

nanoparticles with negative or positive charge do it with different grade of affinity, 

being the positives more efficient than the negatives. 

Normally, physiological media has a wide variety of components which interacts with 

cerium oxide nanoparticles. At the beginning, proteins with high mobility are the first 

to be adsorbed onto the inorganic surface, forming Soft-Corona at short times. But at 

longer times, these same proteins tend to be exchanged for others with more affinity 

owing to equilibrium process forming Hard-Corona (figure 26) an irreversible 

permanent structure65–67. This fact is well described by the Vroman effect68. Some 

factors such as media composition, proteins concentration, pH, temperature, exposure 

time, size and curvature of nanoparticle affects to protein-corona formation69,70. 
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Nanoparticles interact with living cells through protein-corona so, it is important 

investigate this phenomenon to understand how nanomaterials can be beneficial for 

future medical applications or, on the contrary, how they can be harmful from 

nanotoxicology point of view. According to Lynch et al71, adsorption of proteins is 

caused mainly by electrostatic interactions although hydrophobic and specific chemical 

interactions have importance too. 

 

Figure 26: Evolution and formation of hard protein-corona over time using gold nanoparticles as 

example. Figure taken from Barbero et al, “Formation of protein corona: The interface between 

nanoparticles and the immune system”, Seminars in immunology, 34, 52-60, 2017. 

It was viewed that aggregation can influence notably in protein-corona formation. A 

high grade of aggregation offers different kinds of protein binding. Besides, Protein-

corona also influences biodistribution, making cerium oxide nanoparticles more 

selective to different tissues in the body. Protein coating will be responsible for fate 

inside the body.  
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4.2 CONJUGATION CeO2 NPs WITH ALBUMIN 

Cerium oxide nanoparticles need to be recovered with biological components for 

medical applications because all kind of nanoparticles tends to be unstable in 

physiological conditions. This instability is due to ionic conditions and pH, altering 

surface charge of nanoparticles leading to aggregation and consequently affecting 

negatively to systems in-vivo. 

It is important highlight the fact that conditions in which biological components are 

stable nanoparticles are not while conditions in which nanoparticles tend to be stable 

biological components are not. Thus, to find good conditions for suitable conjugation is 

required.  

Conjugation with albumin (BSA) will be done because is the most abundant protein in 

blood stream (35mg/ml). CeO2 naked (viewed chapter 2) already synthesized will be 

used to conjugate because of their positive charge, which will interact fast with 

negative charge of protein. Nanoparticles with negative charge are also capable of 

being conjugated with proteins but conjugation with nanoparticles positively charged 

is electrostatically more favorable.  

It can be detected an increase of hydrodynamic size of CeO2-BSA NPs by DLS but it is 

highlighted monodispersity during conjugation. Besides, negative charge is presented 

in this type of sample as consequence of hard-corona formation and excess of protein 

used during synthesis. Procedure of synthesis is explained in section 8.7 Annex of this 

thesis work. 
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Figure 27: In the left, UV spectrum of CeO2 conjugated with albumin. In the right, DLS of CeO2-BSA.  
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4.3 STUDIES OF CeO2-PROTEIN-CORONA 

4.3.1 INTRODUCTION 

Nanoparticles interact with living organisms through their protein-corona structure. 

Consequently, to study this phenomenon allows getting interesting information about 

behavior of nanoparticles in physiological media. Casals et al72 checked protein-corona 

formation of several metal oxide nanoparticles in  cell culture media supplemented 

with FBS, monitoring it with combination of hydrodynamic sizes and surface charges 

studies. Thus, they were able to distinguish experimentally between soft-corona and 

hard-corona. Finally, Casals et al could conclude that once values surface charge of 

nanoparticles and serum coincide, a hard-corona is generated.  

This method of work will be taken in order to study effect protein-corona formation in 

nanoceria (see Annex section 8.8 of this thesis). In this thesis work, CeO2 naked 

resuspended with water (5nm, positive charge), CeO2 naked resuspended with citrate 

(5nm, negative charge) and CeO2 synthesized with citrate (3nm, negative charge) will 

be used as samples in order to check effect of surface charge and size to protein-

corona formation. 

Studies of formation protein-corona will be done in both phosphate buffer (PB) pH 7.2 

10mM and cell culture Dulbecco modified eagle media (DMEM, without phenol red) 

supplemented with fetal bovine serum (FBS) or BSA solution. PB has proper conditions 

of salinity and pH to see formation of protein-corona and cell culture media is 

employed to study evolution of nanoparticles in physiological media where cells are 

incubated and in-vitro assays are done in biological experiments.  
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4.3.2 CeO2 IN PB SUPPLEMENTED WITH BSA 

Physiological media are composed by 90% volume of cell culture media and 10% 

supplemented material. This proportion will be kept in all experiments of protein-

corona made in this thesis. Concretely this experiment will be done in the following 

way: 350mg BSA is dissolved in 9ml PB 10mM. Later, 1ml of CeO2 NPs 1mg/ml is added 

slowly on the PB solution with protein. Then, procedure explained in section 8.8 in 

Annex is applied at different times of incubation, making measures of DLS and zeta 

potential of purified sample. 

CeO
2
 naked 

Time Hydrodynamic Size Potential zeta; conductivity 

Control 11,5±0,6nm -44,8mV; 1,91mS/cm 

0 days 53±6,5nm  -25mV; 1,92mS/cm  

1 day 55,5±3,5nm  -7,1mV; 1,98mS/cm  

2 days 72,3±1,5nm -8,5mV; 1,94mS/cm  

5 days 84,6±9,2nm  -11mV; 1,97S/cm  

 

CeO
2
 resuspended citrate 

Time  Hydrodynamic Size Potential zeta; conductivity  

Control 29,5±7nm -52,7mV; 1,85mS/cm 

0 days 71,3±9,3nm  -26,8mV; 1,78mS/cm  

1 day 78,3 ±5,8nm  -16,2mV; 1,84mS/cm  

2 days 102,8±7,7nm -12,7mV; 1,81mS/cm 

7 days 108,4±7,13nm  -10,2mV; 1,77mS/cm  

 

CeO
2
-citrate  

Time Hydrodynamic Size Potential zeta; conductivity  

Control 7,5±0,3nm -27mV; 2,22mS/cm 

0 days 3.3±0,4nm -16,4mV; 2,17mS/cm  

1 day 3.2±0,07nm -13,5mV; 2,12mS/cm  

2 days 3,7±0,14nm -7,95mV; 2,12mS/cm 

7 days 4 ±0,36nm  -7,82mV; 2,15mS/cm  

 

Table 7: Values of hydrodynamic size and surface charge of different CeO2 samples obtained after 

purification to measure protein-corona in PB supplemented with BSA. Each data is done by triplicate. 
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Figure 28: In the top, graphic representation of evolution protein-corona by DLS owing to intensity 
distribution for CeO2 samples over time in PB supplemented with BSA. On the bottom, graphic 
representation of values corresponding to table 7 showing evolution of surface charge and 
hydrodynamic size of protein-corona.    
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4.3.3 CeO2 IN PB SUPPLEMENTED WITH FBS 

Normally, cell culture media is composed by 90% volume of cell culture and 10% 

volume of protein. In case of employing FBS as protein media, this proportion will be 

maintained. So, this experiment will be done in the following manner: 0.9ml of FBS 

solution is mixed in 8.1ml of PB 10mM. Then, 1ml of CeO2 NPs 1mg/ml is added slowly 

on the mix and after that, protocol described previously is done. 

CeO
2
 naked 

Time Hydrodynamic Size Potential zeta; conductivity 

Control 11,5±0,6nm -44,8mV; 1,91mS/cm 

0 days 97,5±19nm  -31,1mV; 1,81mS/cm  

1 day 104,1±9,2nm  -30,9mV; 1,79mS/cm  

2 days 75,4±4,8nm  -25,6mV; 1,80mS/cm  

7 days 100,6±6,9nm  -23,4mV; 1,79mS/cm  

 

CeO
2
 resuspended citrate 

Time Hydrodynamic Size Potential zeta; conductivity  

Control 29,5±7nm -52,7mV; 1,85mS/cm 

0 days 82,3 ±26nm  -28,8mV; 1,80mS/cm  

1 day 76 ±4,8nm  -16,2mV; 1,83mS/cm  

2 days 130,8 ±5,8nm  -12,4mV; 1,83mS/cm  

7 days 109,2 ±13,1nm  -13,4mV; 1,76mS/cm  

 

CeO
2
-citrate 

Time Hydrodynamic Size Potential zeta; conductivity  

Control 7,5±0,3nm -27mV; 2,22mS/cm 

0 days 74,4 ±1nm  -30,1mV; 1,78mS/cm  

1 day 60,3 ±17,5nm  -26mV; 1,81mS/cm  

2 days 107,2 ±12,8nm  -15,4mV; 1,82mS/cm  

7 days 67,7 ±21,1nm  -17,4mV; 1,76mS/cm  

 

Table 8: Values of hydrodynamic size and surface charge of different CeO2 samples obtained after 

purification to measure protein-corona in PB supplemented with FBS. Each data is done by triplicate. 
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Figure 29: In the top, graphic representation of evolution protein-corona by DLS owing to intensity 
distribution for CeO2 samples over time in PB supplemented with FBS. On the bottom, graphic 
representation of values corresponding to table 8 showing evolution of surface charge and 
hydrodynamic size of protein-corona. 
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4.3.4 CeO2 IN DMEM SUPPLEMENTED WITH FBS 

In this experiment, procedure will be the same as explained in the earlier point but 

employing DMEM instead of PB buffer 10mM. Volume of 8.1ml DMEM is mixed with 

0.9ml FBS. Then, 1ml of CeO2 NPs 1mg/ml is added slowly in cell culture media and 

after that, method previously explained in section 8.8 in Annex is done.   

CeO
2 

naked 

Time Hydrodynamic Size Potential zeta; conductivity 

Control 11,5±0,6nm -44,8mV; 1,91mS/cm 

0 days 57±5,6nm  -29,8mV; 2,03mS/cm  

1 day 76,9±3,6nm  -25,7mV; 2,17mS/cm  

2 days 95,3±3,4nm  -20,2mV; 2,30mS/cm  

4 days 145,3±3,8nm  -21,9mV; 2,03mS/cm  

 

CeO
2
 resuspended citrate 

Time Hydrodynamic Size Potential zeta; conductivity  

Control 29,5±7nm -52,7mV; 1,85mS/cm 

0 days 159,5±23,2nm  -30,5mV; 1,86mS/cm  

1 day 134,5±33,7nm  -30,2mV; 1,88mS/cm  

2 days 96,5±3,6nm  -25,4mV; 1,88mS/cm  

7 days 148,9±7,5nm  -26,3mV; 1,91mS/cm  

 

CeO
2
-citrate 

Time Hydrodynamic Size Potential zeta; conductivity  

Control 7,5±0,3nm -27mV; 2,22mS/cm 

0 days 207,9±115,2nm  -32,3mV; 1,88mS/cm  

1 day 182,1±42nm  -32,4mV; 1,91mS/cm  

2 days 172,3±13,3nm  -32,6mV; 1,89mS/cm  

7 days 113,5±7,3nm -29,8mV; 1,81mS/cm  

 

Table 9: Values of hydrodynamic size and surface charge of different CeO2 samples obtained after 

purification to measure protein-corona in DMEM supplemented with FBS. Each data is done by triplicate. 
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Figure 30: In the top, graphic representation of evolution protein-corona by DLS owing to intensity 
distribution for CeO2 samples over time in DMEM supplemented with FBS. On the bottom, graphic 
representation of values corresponding to table 9 showing evolution of surface charge and 
hydrodynamic size of protein-corona. 
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4.3.5 CeO2 IN DMEM SUPPLEMENTED WITH BSA 

In this experiment, BSA will be dissolved previously in PB before being added in cell 

culture DMEM. 350mg BSA is dissolved in 0.9ml PB 10mM and this volume is added on 

8.1ml DMEM. After that, 1ml of CeO2 NPs 1mg/ml is added slowly and method of work 

described previously is done.  

CeO
2
 naked 

Time Hydrodynamic Size Potential zeta; conductivity  

Control 11,5±0,6nm -44,8mV; 1,91mS/cm 

0 days 98,6±18,1nm  -28,5mV; 1,88mS/cm  

1 day 118,7±44,7nm -28mV; 1,95mS/cm  

2 days 116,7±21,2nm -14,7mV; 1,96mS/cm  

7 days 107,3±14,5nm -16,4mV; 1,84mS/cm  

 

CeO
2
 resuspended citrate 

Time  Hydrodynamic Size Potential zeta; conductivity  

Control 29,5±7nm -52,7mV; 1,85mS/cm 

0 days 127±28,6nm  -31,2mV; 1,89mS/cm  

1 day 312±23,8nm  -28,2mV; 1,87mS/cm  

2 days 168±11,2nm -22,8mV; 1,86mS/cm  

7 days 256,8±25,6nm  -16,8mV; 1,86mS/cm  

 

CeO
2
-citrate 

Time  Hydrodynamic Size Potential zeta; conductivity  

Control 7,5±0,3nm -27mV; 2,22mS/cm 

0 days aggregated  -30,9mV; 1,90mS/cm 

1 day aggregated  -31,8mV; 1,94mS/cm  

2 days aggregated -29,2mV; 1,95mS/cm  

7 days aggregated  -24.4mV; 1,86mS/cm  

 

Table 10: Values of hydrodynamic size and surface charge of different CeO2 samples obtained after 

purification to measure protein-corona in DMEM supplemented with BSA. Each data is done by triplicate.  
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Figure 31: In the top, graphic representation of evolution protein-corona by DLS owing to intensity 
distribution for CeO2 samples over time in DMEM supplemented with BSA. On the bottom, graphic 
representation of values corresponding to table 10 showing evolution of surface charge and 
hydrodynamic size with exception of CeO2-citrate because of his aggregated state. 
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4.4 DISCUSSION 

Studies of protein-corona have proportionated useful information to understand 

behavior of CeO2 NPs in physiological media. Due to measures of surface charge and 

hydrodynamic sizes by DLS, hard-corona formation has been monitored. When surface 

charge of nanoparticle reaches the same value of surface charge of protein, then hard-

corona is formed.  

CeO2-PVP is not employed in this experiment because PVP attached on their surface 

avoid interaction of this material with other molecules so, it is useless study protein-

corona formation in this type of nanoparticle if it is previously known proteins will not 

interact.  

It is checked formation of protein-corona both BSA and FBS in phosphate buffer is 

better than cell culture DMEM. Possibly, DMEM may have some substances such as 

aminoacids or antibiotic which difficult formation of hard-corona in those conditions. 

Nevertheless, it is checked evolution of protein-corona in DMEM is better in 

nanoparticles with positive charge than negative. 

In the case of BSA, it is viewed in PB hard-corona is formed during 1 day for CeO2 

naked and 2 days for CeO2 resuspended in citrate and CeO2-citrate, keeping practically 

the same hydrodynamic size. On the opposite, it is viewed in DMEM formation of hard-

corona during 2 days for CeO2 naked and 3 days at least for CeO2 resuspended in 

citrate, viewing a slowdown in DMEM media in comparison with PB. CeO2-citrate is not 

considered in this situation because it tends to aggregate in those conditions for 

unknown reasons. 

In the case of FBS, It is viewed in PB that CeO2 naked requires 7 days and CeO2-citrate 

requires 2 days to form hard-corona while CeO2 resuspended in citrate requires only 1 

day. However, in DMEM media it is detected formation of hard-corona for CeO2 naked 

at 2 days, CeO2 resuspended in citrate does not reach value of surface charge of serum 

and protein-corona of CeO2-citrate is not viewed (no variation in his surface charge). 

Formation of protein-corona with FBS instead of BSA is slower because of wide variety 

of proteins present in serum.  
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In conclusion, if it is required conjugation of CeO2 NPs with protein to make it 

biocompatible in order to employ it for future systems in-vivo, utilization of buffer 

instead of cell culture media is the best option and use BSA is much better than FBS in 

spite of serum is composed by albumin mostly. In addition, CeO2 naked generally tends 

to interact with proteins in greater degree than coated nanoparticles. 

On the other hand, cell lines are incubated in cell culture media supplemented with 

serum so, to study the different kind of CeO2 NPs in DMEM supplemented with FBS 

offer additional information about their behavior in physiological media where in-vitro 

assays with cells are done.  

As it has been described before, CeO2-citrate (3nm) apparently do not form protein-

corona in those conditions and, in fact, it tends to aggregate at few days of incubation 

so, apparently it is viewed that this sample is not proper for applications in cellular 

studies. Additionally, CeO2 resuspended in citrate do not shown clear results in these 

conditions but CeO2 naked present more promising results. In case of CeO2 naked, it is 

viewed a good evolution with a homogeneous peak in size distribution by intensity 

(figure 30, corresponding to hardening of protein-corona). Probably, molecules of 

citrate are responsible of slow adhesion of proteins onto nanoparticle surface in cell 

culture conditions. 

As consequence, CeO2 naked looks like suitable sample for cell culture media for being 

able to form hard-corona apart from the fact that present better distribution and 

homogeneity in these conditions, due to their positive surface charge possibly. 
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5.1 INTRODUCTION 

It is well known the role of catalyzer of cerium oxide nanoparticles in petrochemical 

industry. Cerium in combination with oxygen adopts a fluorite structure which allows 

behaving as “oxygen storage”. CeO2 NPs work as a catalytic supplier of oxygen for 

combustion of hydrocarbons, apart from becoming CO and NOx into non-toxic forms 

for the environment73. Application of nanoceria in automotive pollution control has 

been one of the most common in the last years74 although catalytic capacity of CeO2 

NPs is also taken advantage of water treatment75. According to Recillas et al76,77 and 

Zhong et al78, nanoceria are effective sorbent for the removal of lead, arsenic(V) and 

Chromium(VI) from water, apart from oxidizing carbon monoxide into CO2. Catalytic 

activity of nanoceria is related with oxygen vacancies of their surface. The formation of 

lattice oxygen vacancies plays an important role in oxidation and reduction activity in 

nanoceria. Recently, it has been tried to apply this property of CeO2 NPs to 

biotechnological fields but with especial interest in medicine, as alternative to treat 

free radicals. 

Normally there is an intracellular balance between generation and elimination of 

reactive oxygen species (ROS) regulated by enzymes superoxide dismutase, 

peroxidase, catalase or glutathione. Nevertheless, some alterations in cellular 

metabolism origin a major increase of free radicals such as superoxide (O2
-), peroxide 

(O2
2-) and hydroxyl radical (OH.). This effect is called oxidative stress and it can cause 

cell death. As consequence of this deregulation, some illnesses have emerged and 

adverse effects are caused in the organism. Some examples of these diseases derived 

from oxidative stress can be seen in figure 1. But increase of these free radicals may 

not be only related with a failure in cellular activity but it can be also derived from 

microbial infection as defense mechanism79. Indeed, the high concentration of ROS 

promotes inflammation which is triggered by immune system. Hence, necessity of 

controlling and regulating this kind of response is great importance in medicine in 

order to avoid serious consequences in the body. Additionally, it is really important 

inhibition of causers which trigger immune response because otherwise, 

same immune system can damage the organism.  
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Figure 32: Schematic diagram showing the generation of free radicals, taken from Li et al, “Natural plant 

polyphenols for alleviating oxidative damage in man: Current status and future perspectives”, Topical 

Journal of pharmaceutical research, 15(5), 1089-1098, 2016
80

.  

For those reasons CeO2 NPs have emerged with great attention in medicine in order to 

control population of ROS in biological systems, not only scavenging free radicals 

(antioxidant) but also reversing inflammatory response (anti-inflammatory). CeO2 NPs 

have special interest in neurodegenerative diseases81, in cardiovascular problems82, in 

liver cirrhosis25, retinal ilnesses83 and many others. Besides, it has been reported 

cerium oxide nanoparticles as useful radioprotective agents in radiotherapy treatment 

against cancer, protecting healthy tissues from ROS generated by radiation84,85. 

Catalytic capacity of nanoceria comes from their ability to be oxidized or reduced 

according to environment, behaving as natural electron buffer. CeO2 NPs can act as 

superoxide dismutase (Eq. 9-10) and catalase (Eq.11) behaving as a multienzymatic 

catalyzer according to Nelson et al86: 

O2
- + Ce3+ + 2H+ ↔ H2O2 + Ce4+ (Eq. 9) 

O2
- + Ce4+ ↔ O2 + Ce3+ (Eq.10) 

H2O2 + 2Ce4+ + 2OH- ↔ 2H2O + O2 + 2Ce3+ (Eq. 11) 

 

However, properties of nanomaterials are conditioned by their process of synthesis. 

So, once optimized a protocol of synthesis in this thesis work, it is necessary to 

evaluate catalytic activity of synthesized product in order to meet desired expectations 

for being applied in medical field. 
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5.2 AMPLEX RED ASSAY 

Hydrogen peroxide (H2O2) is one of the most common free radicals which are 

responsible of oxidative stress. Hence, utilization of a technique which is capable of 

measure and quantify this concrete substance will be essential to check antioxidant 

capacity of synthesized CeO2 NPs. So, from all techniques described in literature for 

this purpose, Amplex Red is chosen. In fact, Pirmohamed et al87 used this technique to 

evaluate catalase activity of nanoceria. Amplex Red offers high sensitivity being able to 

detect concentration of H2O2 in nanomolar, range of concentrations in which this 

metabolite is normally found in biological systems. In addition, fluorescence is the 

signal analyzed in Amplex Red instead of absorbance. The advantage of measuring 

fluorescence consists in this type of signal is less susceptible of interferences in 

comparison with absorbance. Besides, other factor to be considered consists in 

limitations of equipment. Fluorimeter from our laboratory works with filters instead of 

scanner so, it has to be adapted in area of work that present the device. Fortunately, 

there is no inconvenience for Amplex Red because its range of excitation and emission 

coincides with our filters of fluorimeter.     

Amplex Red forms a complex 1:1 with H2O2 and, in presence of a peroxidase emits a 

red fluorescent signal (Resorufin). Resorufin has excitation and emission maxima of 

approximately 571nm and 585nm (see figure 33). This compound is sensitive to light 

so, work in dark conditions is recommendable. Protocol of work made by Invitrogen 

will be taken as reference88 and procedure can be seen in section 8.9 Annex.  

 

Figure 33: In the left, reaction of Amplex Red during assay. In the right, normalized excitation and 

emission spectra of resorufin, the product of the Amplex Red reaction. Images taken from Invitrogen 

protocol.  
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5.3 STUDIES OF ANTIOXIDANT CAPACITY 

5.3.1 CATALYTIC CAPACITY OF NANOCERIA 

It is check efficacy of Amplex Red technique using a negative control which does not 

react with H2O2, gold nanoparticles. At the same time, CeO2 NPs are used to see their 

catalytic capacity. It is viewed no reaction by Au NPs whereas uptake of hydrogen 

peroxide both CeO2 aggregated and CeO2 well dispersed is detected. Suitable 

dispersion of NPs improves their antioxidant characteristics.  

 

Figure 34: Antioxidant assay of Au NPs, CeO2 aggregated and CeO2 well dispersed. 

 

5.3.2 CATALYTIC ACTIVITY ACCORDING TO CONCENTRATION 

CeO2 naked is used to do this assay at different concentrations (0,1mg/ml, 0,05mg/ml 

and 0,01mg/ml). It is viewed that at same concentration of hydrogen peroxide, the 

more concentration of CeO2 is used, more H2O2 is degraded (or the less H2O2 free is 

detected). At the same time, at constant concentration of CeO2 NPs, the more initial 

concentration H2O2 is employed, the more H2O2 is reacted. In other words, the higher 

concentration of H2O2, the higher is catalytic activity of CeO2 in those conditions. This 

effect is tremendously useful for medicine, because not only nanoceria are able to 

scavenge ROS but they are also able to reduce their catalytic activity when free radicals 

are at low concentrations (as healthy conditions). 
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Figure 35: Antioxidant assay at different concentrations of CeO2 NPs. 

 

5.3.3 EFFECT OF SONICATION IN CATALYSIS  

Sonication is a technique to disperse aggregates in solution. It is viewed sonication will 

not affect to catalysis if synthesis CeO2 NPs is already good dispersed initially. 

However, if CeO2 NPs are initially aggregated and sonication is used in order to 

disperse, this fact can reduce their catalytic capacity. In spite of good dispersion by 

sonication, it is clearly viewed a great difference in the catalysis in comparison with 

CeO2 naked. Consequently, sonication is not recommendable during synthesis of CeO2 

NPs. 
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Figure 36: Antioxidant assay in which effect of sonication in CeO2 NPs is checked. 
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5.3.4 CATALYTIC CAPACITY OF CeO2-PVP AND CeO2-CITRATE 

It is viewed that surfactants, independently of their concentration, does not affect 

catalytic properties of CeO2 NPs. Once it is checked effect of surfactants in catalysis, it 

is decided to work with least concentration as possible of them during synthesis: 

0,5mM PVP and 10mM citrate (see section 8.5 and 8.6 in Annex of this thesis work) In 

the case of CeO2-citrate, it can be highlight a decreased activity when 5mM citrate is 

used in comparison with rest of the samples. Probably, this effect is done as 

consequence of polydispersity of the sample (see section 3.3.2.3 images TEM in 

chapter 3). 

 

 

 Figure 37: Antioxidant assay of CeO2-PVP and CeO2-citrate at different concentration of surfactant. 
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5.3.5 ANTIOXIDANT ASSAY RESUSPENSIONS OF CeO2 NAKED 

It is viewed once CeO2 is well dispersed, subsequent stabilization with some 

surfactants (PVP, BSA, citrate) does not affect their catalytic properties. This 

information is important to know because from this way, if it is desired to employ 

interesting characteristics of CeO2 NPs in conditions in which this nanomaterial is not 

stable (physiological media, for instance), can be stabilize subsequently without 

altering their initial properties.   

 

Figure 38: Antioxidant assay of subsequent resuspensions of CeO2 naked in different stabilizers. 

 

5.3.6 COMPARATIVE WITH OTHER REDUCERS 

It is viewed lower antioxidant activity of nanoceria in comparison with tannic or 

ascorbic acid but higher activity than citrate. However, the effect of CeO2 NPs presents 

longer durability while rest of antioxidants is consumed in the moment of reaction.   

 

Figure 39: Antioxidant assay of CeO2 NPs compared with other antioxidants. 
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5.3.7 INCUBATION CeO2 NPs IN PBS MEDIA 

Phosphate buffer saline (PBS) is a buffer mostly employed in biological and biochemical 

research, with osmolality and concentration of ions quiet similar to extracellular fluid. So, in 

this experiment, PBS is used as model of physiological media conditions instead of cell 

culture media because it is required no compounds (aminoacids, colorants or antibiotics) in 

order to avoid interferences. Hence, different types of CeO2 NPs are incubated in PBS and their 

catalytic activity is measured at different times. It is viewed practically the same catalytic 

activity for all kind of CeO2 NPs at initial times but differences start to be appreciated after 24 

hours. These variations are derived from aggregation of the samples in physiological media 

with exception of CeO2-BSA, the only capable of keeping their stability in those conditions. 

Effect of aggregation promotes reduction of catalytic property as it can be seen in figure 41. 

The same effect is checked in CeO2 NPs with 7 days of incubation in PBS. Stabilization of 

samples is also studied by UV spectrophotometer viewing decrease of peak over time as 

consequence of aggregation in PBS conditions. Decrease of peak in the case of CeO2-BSA is 

related with sedimentation (see figure 40). 

 

Figure 40: UV evolution of different CeO2 NPs incubated in PBS over time during 24 hours. 
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Figure 41: Antioxidant assay of different CeO2 NPs incubated in PBS at different times. 
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5.4 DISCUSSION 

It is important to evaluate catalytic capacity of synthesized CeO2 NPs before being 

applied in cellular assays or in-vivo systems. In addition, it has been check good 

efficacy of Amplex Red technique as tool for this purpose. Amplex Red is a suitable 

method in order to measure antioxidant activity because it offers the next advantages:                     

 It is highly sensitive. This technique can detect H2O2 in the order of nanomolar.  

 Amplex Red assay works in range of concentration of H2O2 similar to found in 

biological systems. 

 As an enzyme is used in this experiment, conditions of physiological media 

(salinity and pH) are required in order to be functional. Therefore, every 

measure done is like measuring it in biological conditions.  

 

All kind of cerium oxide nanoparticle synthesized in this thesis work is analyzed with 

positive results. It is viewed collection of good dispersion of CeO2 NPs during synthesis 

offer great quality product for medical applications. In contrast, it is checked 

aggregation affects negatively to their catalytic properties but curiously aggregates still 

present high antioxidant activity. Indeed, if aggregated material is dispersed by 

sonication, they are still less effective than before. Moreover, it is also viewed a major 

activity of nanoceria in presence of high concentration of H2O2 while a minor activity is 

detected at low concentrations of H2O2. This fact shows the therapeutic effect of 

nanoceria in medicine, being more active in stress oxidative conditions and getting 

inactive in no presence of free radicals. Additionally, it is tested subsequent 

stabilization of CeO2 NPs owing to surfactants such as PVP, citrate or biomolecules like 

BSA do not affect their initial characteristics. At the same time, it is viewed that use of 

PVP and citrate during synthesis do not altered antioxidant properties of final product.   

Finally, it can be concluded that conjugation with biomolecules in CeO2 NPs is 

mandatory if it is wished their subsequent application in biological systems in spite of 

being previously stabilized with surfactants because they present the best stability in 

biological media. Indeed, only surfactants are not good enough to protect any kind of 

nanoparticle in physiological conditions. 
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6.1 INTRODUCTION 

Once it is checked good quality of CeO2 NPs in this process of synthesis, this material is 

led to cell-lines. It is desired to see if previous antioxidant capacity analyzed is also 

detected in systems in-vivo. This task is done in collaboration with the Ophthalmology 

Group in Vall d´Hebron Institut Recerca (VHIR) with the aim of treating age-related 

macular disease (AMD). AMD is the main cause of blindness in elderly worldwide89. 

AMD can be classified in two forms: “dry” and “wet”. The first is related with alteration 

in retinal photoreceptors and the second is related with degeneration of 

photoreceptors in retina with an abnormal growth of blood vessels26. This disease is a 

neurodegenerative pathology in which oxidative stress is involved. Due to the large 

amount of light crossing the eye, great production of ROS is done in comparison with 

the rest of tissues. But a major activity of antioxidant enzymes compensates this effect. 

When deregulation of these enzymes happened, then, ROS are overproduced and they 

damage the eye internally. Actually, there is no cure or treatment that returns vision 

lost. For that reason, properties of nanoceria offer an alternative to deal with this 

illness.    

In addition, if CeO2 NPs are utilized in systems in-vivo, toxicity assays are indispensable 

both cell and animals. Moreover, if animals are used, it will be interesting to make 

biodistribution experiment before start to deal them in order to know if nanomaterial 

persists in the area of interest.   

Therefore, CeO2 NPs will be incubated with ARPE-19 retinal cells in cell culture media 

DMEM supplemented with FBS for in-vitro assays and additionally, experiments in-vivo 

with mice will be done. 
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6.2 IN-VITRO EXPERIMENTS WITH CELLS 

6.2.1 TOXICITY ASSAYS 

It is important to know if cerium oxide nanoparticles synthesized by the methods 

explained in this thesis work can be toxic for cells. For that reason, MTT assay was 

done with retinal ARPE-19 cells. CeO2 naked was chosen because of positive results 

shown in protein-corona studies in cell culture media. Therefore, it is viewed no 

toxicity as shown in figures 42. Method of work is described in section 8.10.1 of Annex. 

 
Figure 42: MTT toxicity assay of CeO2 NPs with retinal cells ARPE-19. 

 

Also it was done toxicity assay for CeO2 naked with MCF-7 breast cancer cells owing to 

PrestoBlue assay indicating the same result, no toxicity of these nanomaterials in spite 

of using another cell line. Method of work is also described in point 8.10.2 of Annex. 
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Figure 43: Prestoblue toxicity assay of CeO2 NPs with MCF-7 cells at 24h. 
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6.2.2 ANTIOXIDANT ASSAYS 

Firstly, it is necessary to know ideal conditions to generate oxidative stress to cells 

owing to H2O2 without producing too much cell death. Once those conditions are 

found, then stressed cells can be treated with CeO2 NPs in order to check any 

improvement in cell proliferation and efficacy of nanoparticles. CeO2 naked is chosen 

for these experiments due to good results offered during protein-corona studies. It is 

viewed incubation with 300µM H2O2 is enough to produce high concentrations of free 

radicals without decreasing viability cell (figure 44), although there are other options in 

order to produce ROS owing to different substances such as antimycin A or tBH. These 

molecules are capable of generate intracellular ROS and they will be also employed for 

antioxidant assays. Protocol of this experiment is described in section 8.11.1 of Annex.  

 

 

Figure 44: In the top, DCF-DA assay in order to detect ROS generated by ARPE-19 cells at different 

concentrations of H2O2 during 1 hour. The highest fluorescence analyzed, the highest concentration of 

free radicals produced. On the bottom, MTT assay of ARPE-19 cells incubated at different concentrations 

of H2O2 during 1 hour in order to see cell viability in those oxidative stress conditions.  
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After that, ARPE-19 cells are supplemented with CeO2 NPs in those conditions. It is 

viewed promising results detecting decrease in ROS at cellular level owing to DCF-DA 

technique (explained in 8.11.1 point). This effect is viewed in all tests employing H2O2, 

antimycin A and tBH as causers of oxidative stress (Antimycin A and tBH produce 

intracellular ROS). Description of these experiments is located in 8.11.2 section. 

 

 

Figure 45: In the top, DCF-DA assay in order to detect ROS generated by H2O2 in ARPE-19 cells 

supplemented with different concentrations of CeO2 NPs. In the middle, DCF-DA assay of ROS generated 

by antimycin A in ARPE-19 cells supplemented with different concentrations of CeO2 NPs On the bottom, 

DCF-DA assay of ROS generated by tBH in ARPE-19 cells supplemented with different concentrations of 

CeO2 NPs. Each antioxidant assay is done by triplicate (**p<0.01; ****p<0.0001). In the left, there is 

visualization of fluorescence microscope when tBH is used at different concentrations of nanoceria. 
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6.3 IN-VIVO EXPERIMENTS  

When it is viewed positive results obtained in in-vitro assays, experiments with animals 

were the following step. Firstly, biodistribution of the eye was done in mice with the 

aim of finding out if CeO2 NPs are retained inside the eye and, in case of positive 

results, in which area was more abundant. Liver and brain was also analyzed in order 

to check if cerium oxide nanoparticles can go to other organs once they are stablished 

in eye. It is highlighted no presence of toxic effects produced by CeO2 NPs in mice 

during their application. 

For this task, two methods of administration were done: intraocular injection and with 

eyewash (topical treatment). Therefore, sample which will be injected requires 

conjugation with mouse albumin while conjugation in sample for eyewash is not 

necessary. This fact is because most of eye drops have hydroxypropyl methylcellulose 

(HPMC), a compound responsible for viscosity of material which can behave as 

surfactant for nanoparticles, similar to dextrane. Consequently, previous analysis of 

CeO2 NPs is done in order to choose proper sample for biodistribution experiment. 

Finally, it can be concluding CeO2-resuspended in citrate is apparently the most 

suitable because of their better antioxidant behavior in those conditions (figure 46).  

 

  

Figure 46: Antioxidant assay with Amplex Red in which is detected a major activity of CeO2 resuspended 

citrate for intraocular sample and eyewash. 
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Then, samples of CeO2 NPs 2mg/ml were administrated both via topical and via 

intraocular to mice: 2µl by injection and 5µl by topical treatment for each eye. After 24 

hours animals were euthanized and biological samples were extracted. Liver and brain 

were aliquoted and each eye was divided in different parts: anterior pole, retina, lens, 

posterior pole and optic nerve. Process of digestion of biological samples was prepared 

in order to quantify concentration of Ce by ICP-MS (inductively coupled plasma mass 

spectroscopy). This analysis was done by external service and digestion procedure is 

explained in section 8.12 of Annex. Results obtained are shown in figure 47 and it 

could be concluded that there is a higher concentration of cerium by intraocular 

administration than topical treatment, with exception of optic nerve. Liver and brain 

hardly had shown presence of cerium in their tissues. However, the differences of 

concentration between topical and intraocular administration were not so large. This 

effect was quite interesting because it means cerium can be administrated owing to 

eyewash, much comfortable and easier to deal than injection.  
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Figure 47: Initial results of biodistribution both via intraocular and topical of cerium concentration in 

different tissues. 
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Consequently, a second biodistribution is done but only employing eyewash containing 

nanoceria. In this experiment, it is tried to check if there is accumulation of CeO2 NPs 

in eye. For that, mice are treated with that eyewash each day during a week and 

euthanized at 7 days. There are also mice with only one administration of eye drop in 

the first day as control (they are also sacrificed after 7 days). Results are shown in 

figure 48. Process and analysis of biological samples are treated in the same way of 

previous experiment. It is confirmed good efficacy of eye drops in order to apply 

nanoceria in the eye but it is viewed no accumulation of CeO2 NPs in the eye during 

treatment for 7 days. Indeed, a decrease of cerium concentration is detected over 

time, indicating elimination of this nanomaterial. Probably, it is removed through 

membrane of cornea.  
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Figure 48: Results of biodistribution experiment of CeO2 NPs in different tissues after via topical 

treatment during 7 days. 

 

Currently, these CeO2 NPs are being applied in DKOrd8 mouse (animal model of age-

related macular degeneration) and biological studies are still working with positive 

expectations.  
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6.4 DISCUSSION  

Application of CeO2 NPs made by this process of synthesis in biological systems has 

offered good and promising results because not only there is no toxicity related with 

this kind of synthesized nanoceria but their antioxidant properties have been seen in 

cellular experiments. It is detected reduction of free radicals by DCF-DA assay in cells 

incubated with CeO2 NPs owing to application of different substances generators of 

ROS such as antimycin A, tBH or even H2O2.  

At the same time, in-vivo experiments are also done. Inoculation of CeO2 NPs in eye is 

made both via intraocular injection and topical treatment. Results of biodistribution 

show better retention of nanoceria via injection than via topical but the difference of 

concentrations between two methods is not so vast. Indeed, it is really surprising 

detect cerium inside the eye owing to administration of eye drops. A second analysis of 

biodistribution confirms this fact. More biological experiments such as genetic studies 

or evaluation of VEGF levels (protein related with angiogenesis) as consequence of 

CeO2 NPs treatment are still in process.   

Consequently, it can conclude that CeO2 NPs offer positive effects in biological systems 

both in cell-lines and mice. Besides, it is really interesting the possibility to apply 

nanoceria owing to eyewash because it is much more comfortable and easier this type 

of treatment than the use of needles in injections although their effect is minor.  
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7.1 CONCLUSIONS 

In general, metal oxide nanoparticles have interesting properties which applied in 

medicine can improve analysis, detection and some treatments, where CeO2 NPs have 

been the most promising in the last years. It is important to emphasize not all 

nanoparticles synthesized by different processes are equal so, evaluate synthesis 

method and study characteristics of prepared product should be of great importance. 

According to desired destination of nanoparticle, type of synthesis has to be assessed 

and their obtained product should be revised. Aggregation, polydispersity, cell viability 

and ROS generation of synthesized cerium oxide nanoparticle are some parameters to 

control before their subsequent applications for in-vivo systems. In fact, conditions of 

nanoparticles intended for medical applications must be more restrictive. Aggregation 

is recommended to avoid in any clinical application and apparently, monodisperse 

homogeneous soluble samples would be more qualified for these cases.  

For medical applications, aqueous synthesis seems to be more suitable in comparison 

with non-aqueous synthesis due to obliged phase change. In this necessary step, water 

normally deteriorates nanoparticles synthesized from this route by dissolution, 

modifying their shape and in the most cases produce aggregation. Besides, the 

possibility of having traces of organic compounds can cause a major toxicity in 

nanoparticles elaborated by non-aqueous synthesis. Indeed, in this thesis work it has 

been viewed that method of alkali precipitation in aqueous phase in soft conditions 

(room temperature and non-toxic reactants) has probed being excellent for this 

purpose. In fact, studying the reaction of synthesis have allow understanding better 

the formation of nanoceria, comprehend evolution of CeO2 NPs during reaction and 

consequently, a correct optimization in order to synthesize monodispersed non-

aggregated suitable nanomaterial for medical applications. 

At the same time, synthesis of cerium oxide nanoparticles with PVP and citrate as 

surfactants has also been made in this thesis, showing good results from these 

substances avoiding aggregation and obtaining monodispersed solutions. Particularly, 

the case of citrate is quite peculiar because their use allows obtaining CeO2 NPs 
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smaller than usual in aqueous phase, around 3nm in monodisperse distribution 

without employing hard conditions such as high temperature, high pressures or toxic 

compounds. However, more cellular and in-vivo studies should do with this new 

nanomaterial in order to know their behavior in biological conditions. 

On the other hand, a better knowledge of interaction of cerium oxide nanoparticles 

with biological materials such as proteins or cells will help to understand how these 

nanomaterials work in physiological media. CeO2 NPs interact with living organisms 

through protein-corona structure so, study of formation nanoparticle-protein-corona 

can be crucial for understanding their interactions. In this thesis it has been tested that 

conjugation of any kind of nanoceria with albumin can be done for systems in-vivo, 

except for CeO2-PVP whose surfactant evades all type of external interaction. 

Additionally, studies of formation of protein-corona probe effectivity of CeO2 NPs with 

positive surface charge in cell culture media, keeping their catalytic capacity in that 

media without being altered by aggregation in cellular assays thanks to formation of 

hard-protein corona. 

Moreover, in this thesis work it is checked catalytic capacity of different CeO2 NPs 

synthesized by Amplex Red technique. Optimized protocol has allowed detecting 

antioxidant activity both qualitative and quantitatively in physiological media 

conditions, showing good efficacy of this technique in order to measure catalysis of 

nanoceria without employing cells. It is remarkable viewed aggregated CeO2 NPs still 

present antioxidant activity in comparison with dispersed nanomaterial. Probably 

because of this fact it is reported in literature efficacy of nanoceria synthesized in any 

way as antioxidant catalyzer but without considering their state in solution. Cerium 

oxide nanoparticles aggregated are also functional but they cannot be applied in 

medical application due to negative consequences involved by the own phenomenon 

of aggregation which can produce in in-vivo systems (immune response, obstruction in 

some blood vessel). In addition, in this thesis work it is also viewed that only CeO2 NPs 

conjugated with albumin are capable of resisting physiological conditions without 

being aggregated and keeping their initial properties, concluding that any kind of 

nanoceria which is going to be inoculated inside the body has to be previously 

bioconjugated. 
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Also, CeO2 NPs synthesized are led both cell lines and animals, showing no toxicity in 

any case. This fact is probably because of good dispersion presented of these 

nanomaterials as consequence of their process of synthesis. Besides, in vitro-cells 

experiments clearly show antioxidant capacity of nanoceria, reducing free radicals 

generated (also ROS intracellular) measured by DCF-DA technique. This ability of CeO2 

NPs to scavenge free radicals intracellularly is quite attractive because most 

neurodegenerative diseases derived from oxidative stress are related with this effect. 

Interesting properties of nanoceria made by this method of synthesis has been tested 

in cell culture media successfully. 

In addition, CeO2 NPs synthesized in this thesis work have been supplied in mice with 

the aim of dealing and reduce symptoms of AMD disease. Administration of cerium 

oxide nanoparticles in eyes of animals is made by two different methods: one by 

intraocular injection and the other by topical treatment with eyewash. Biodistribution 

assays show presence of nanoceria in both cases, with slight increase in the case of 

intraocular injection. However, it is remarkable the fact that owing to eyewash 

administration CeO2 NPs can be internalized into eyes. This effect is quite interesting 

because in this way treatment is much more comfortable and easier than injection 

although dose is minor. Currently, effect of CeO2 NPs application in knockout mouse 

model of AMD is still doing. More biological studies such as genetic analysis or 

detection of determined proteins like VEGF which influence in evolution of AMD are 

being analyzed in this moment. First impressions are positive because it is detected a 

decrease of angiogenic activity, one indicator of this disease. 

In conclusion, in this work it has been possible synthesized good monodispersed CeO2 

NPs without using hard conditions or toxic reactants, with the catalytic properties 

desired for medicine, being functional and non-toxic in biological conditions and, in 

addition, presenting positive expectations in one particular case of disease derived 

from oxidative stress. Consequently, it is expected nanoceria prepared by method of 

synthesis described in this thesis can be perfectly applied in other treatments of 

different illnesses generated as consequence of oxidative stress.  
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8.1 UV-VISIBLE EQUIPMENT 

The Cary 60 of Agilent is used as spectrophotometer in order to measure Ultraviolet 

spectrums of the samples. Polystyrene cuvettes of 1,5ml are also used. All samples 

measured and represented in this thesis work by this technique are diluted 1:20 with 

miliQ water. 

8.2 DLS EQUIPMENT 

All measurements of DLS is analyzed by Zetasizer Nano-ZS (from Malvern instruments) 

equipment. Polystyrene cuvettes of 1,5ml are used to measure hydrodynamic sizes of 

the samples doing dilution 1:20 with miliQ water. Zeta potential measures are done 

with specific zeta potential cuvettes (from Malvern instruments) without diluting 

samples. Each sample is measured by triplicate and values shown in tables are an 

average of them, obtained by Number distribution. Graphic representations are 

obtained by Intensity distribution.  

8.3 XYLENOL-ORANGE ASSAY 

This procedure is based on Tonosaki51 work. Hence, it is proceed in the following way. 

In each vial, is mixed 3ml of acetate buffer pH 6.2 with 0,7ml of xylenol-orange 1mM 

(xylenol orange disodium salt from Sigma Aldrich). Then, different volumes of solution 

Ce3+ are added in different vials with the aim of having final concentrations of 0,2,4,6 

and 8µg/ml (more concentration implies saturation of signal) and after that, solution 

are made up with water to 5ml. An aliquot of 1ml of each vial/sample is measured by 

UV spectrophotometer at 576nm. Thus, a calibration curve of Ce3+ is done and 

subsequently, samples have to be diluted in that range to be measured. 

 

  

 

 

Figure 49: Visualization of xylenol-orange solutions with different concentrations of Ce
3+

. 

  0 µg/ml       2 µg/ml       4 µg/ml         6µg/ml         8µg/ml      
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8.4 SYNTHESIS CeO2 NAKED 

Solution of 37,5mM cerium (III) nitrate hexahydrate (Sigma Aldrich) in 50mL and 

solution of 44mM TMAOH (Sigma Aldrich) in 50mL are mixed. The basic solution is 

added above the solution of cerium under vigorous stirring at room temperature. After 

30 minutes of reaction, solution is centrifuged at 20000g for 50min and red pellet is 

resuspended in miliQ water. Finally, after 48 hours, when solution becomes colorless, 

CeO2 NPs are ready and good dispersed.  CeO2 NPs are obtained at 1mg/ml. 

 
Figure 50: Schematic representation of synthesis CeO2 naked. 

 

8.5 SYNTHESIS CeO2-PVP 

In 97.8ml miliQ water is dissolved 0.5g of PVP (10KDa Sigma Aldrich) with stirring, 

having 0.5mM final concentration. Then, 0.43422g of cerium (III) nitrate hexahydrate is 

added, having 10mM in solution. Later, 2.2ml TMAOH 1M (Sigma Aldrich) is added, 

having 22mM in solution at room temperature. After that, it is expected 24h until 

reaction finishes, producing final concentration of 1mg/ml CeO2 NPs.  

It is viewed no surface charge in this type of sample. That is because molecules of PVP 

are attached on the nanoparticle surface, avoiding all kind of interaction, including 

among them. 

 

 

 

Table 11: Values of potential zeta and their conductivity of CeO2-PVP samples. 

 Potential zeta Conductivity 

CeO2-PVP 0.347mV 3.88mS/cm 
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8.6 SYNTHESIS CeO2-CITRATE 

40mM cerium (III) nitrate hexahydrate (Sigma Aldrich) are prepared in 25ml miliQ 

water. Then, 25ml of 40mM sodium citrate tribasic (Sigma Aldrich) is added on solution 

of cerium. After 5 minutes stirring, 50ml solution 60mM TMAOH (Sigma Aldrich) is 

added with vigorous stirring on the mix (final concentrations: 10mM Ce3+, 10mM 

citrate and 30mM OH-). Then, soft stirring is kept until 24 hours at room temperature, 

when reaction is finished.  In this way, 1,4mg/ml CeO2 NPs are obtained. 

This kind of CeO2 NPs has negative charge as consequence of presence of citrate 

molecules in their surface, causing electrostatic repulsion and finally stability. 

 Potential zeta Conductivity 

CeO2-citrate -36.8mV 8.84mS/cm 
Table 12: Values of potential zeta and their conductivity of CeO2-citrate samples. 

 

8.7 SYNTHESIS CeO2-BSA 

A quantity of Bovine Serum Albumin (BSA, Sigma Aldrich) is dissolved in Phosphate 

Buffer Saline 1x (20% volume) to obtain a final concentration of 35mg/ml. Then, 80% 

volume CeO2 naked NPs (1mg/ml) is added drop by drop on protein solution with soft 

stirring during 1 hour. After that, stirring is stopped and solution is kept in fridge at 4ºC 

for 24 hours. Finally, hard protein-corona structure is done and solution CeO2-BSA 

0,8mg/ml is ready for their utilization. 

 
Figure 51: Schematic representation of synthesis CeO2-BSA. 
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8.8 METHOD OF WORK IN PROTEIN-CORONA 

STUDIES 

To study formation of protein-corona, method of work described by Casals et al72 is 

used. 1ml aliquot of any kind of media supplemented with protein and corresponding 

CeO2 NPs is purified by centrifugation. This step is tremendously important and it has 

to be optimized earlier. Soft conditions of centrifugation do not allow obtaining pellet 

to resuspend, doing a bad purification and hard conditions of centrifugation tends to 

form aggregated samples difficult to disperse. Each sample has their purification 

conditions in each different media. After process of centrifugation, supernatant is 

removed and pellet obtained (CeO2 recovered with protein) is resuspended with 

phosphate buffer 10mM. All samples have to be resuspended in the same buffer in 

order to have same pH and salinity conditions. From this way, all measures done can 

be compared. 

 PB+BSA PB+SFB DMEM+SFB DMEM+BSA 

CeO2 naked 15000g; 20min 14000g; 20min 15000g; 20min 8000g; 15min 

CeO2 resuspended 
citrate 

12500g; 20min 10000g; 15min 12500g; 15min 5000g; 15min 

CeO2-citrate 10000g; 30min* 14500g; 20min 10000g; 15min 3000g; 5min 

Table 13: Conditions of purification of different CeO2 samples in different media.* Due to small size of 

nanoparticle in those conditions, centrifugal filter 3KDa is used for this particular case and manufacturer 

recommendations are employed. 

 

   

 

Figure 52: Process of work in order to study protein-corona formation. 1ml CeO2 once incubated in any 

kind of media supplemented with protein is purified by centrifugation. Later, supernatant is removed and 

pellet is resuspended in buffer PB 10mM. 
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8.9 AMPLEX RED PROTOCOL 

This work is based on Invitrogen protocol with some modifications88. Amplex Red 

signal will be measured in solutions of 5µM, 2.6µM, 1µM, 0.6µM H2O2 with and 

without CeO2 NPs in dark microplate. The measures without NPs are employed to do a 

calibration curve of H2O2 and the measures with CeO2 are used to calculate 

concentration of H2O2 free (no reacted). Thus, concentration of H2O2 reacted by CeO2 

NPs is calculated by difference between initial concentration (calibration curve) and 

free concentration of H2O2. 

Combination of reactants is done in 96-wells dark microplates in a maximum volume of 

100µl. Controls are considered in the assay (view table 14). First, PBS is added and 

later stock H2O2 is mixed in wells. Once it is mixed, CeO2 NPs media (control solution of 

citrate, PVP, BSA, for instance) is added in case which is necessary and then, CeO2 NPs 

at 1mg/ml are added, subsequently it is waited 15 minutes and addition of Amplex Red 

stock in darkness is done. After this step, rapidly stock HRP is added. After complete 

addition of all reactants, microplate is covered with aluminium foil and kept in dark 

conditions during 30 minutes. Then, fluorescence is measured at 530/25nm excitation 

and 590/20nm emission.  

Results obtained are analyzed and represented in chapter 5 using GraphPad software.  

 Preparation of reactants and elaboration of method are explained below. 

-Amplex Red 375µM: 5mg Ampliflu Red (Sigma Aldrich) is completely dissolved in 1ml 

of dimethyl sulfoxide (DMSO, Sigma Aldrich). Then, 20µl of this solution is mixed with 

980µl PBS 1x. This new solution will be Stock. 

-H2O2 20µM:  41µl hydrogen peroxide (Sigma Aldrich, 30% wt) is diluted in 20ml water 

making solution 20mM. Then, this solution is diluted 1:1000 to obtain new stock 

20µM.  

-HRP 15U/ml: 1mg horseradish peroxidase (Sigma Aldrich, 150U/mg) is dissolved in 

1ml PBS 1x. Then, this solution is diluted 1:10 with PBS 1x to obtain stock 15U/ml. 

 



Annex: Syntheses and Methods 

   90 

 

H2O2 calibration PBS 1x Stock 
H2O2 

Media CeO2 NPs 
(BSA, PVP) 

CeO2 NPs 
(1mg/ml) 

Stock 
Amplex Red 

Stock 
HRP 

0µM 60µl - 10µl - 20µl 10µl 

0µM with NPs 60µl - - 10µl 20µl 10µl 

5µM 35µl 25µl 10µl - 20µl 10µl 

5µM with NPs 35µl 25µl - 10µl 20µl 10µl 

2.6µM 47µl 13µl 10µl - 20µl 10µl 

2.6µM with NPs 47µl 13µl - 10µl 20µl 10µl 

1µM 55µl 5µl 10µl - 20µl 10µl 

1µM with NPs 55µl 5µl - 10µl 20µl 10µl 

0.6µM 57µl 3µl 10µl - 20µl 10µl 

0.6µM with NPs 57µl 3µl - 10µl 20µl 10µl 
Table 14: Combination of reactants mixed in 96-wells microplate for each sample. Each sample is 

measured by duplicate in the same microplate. 

 

8.10 TOXICITY ASSAYS IN CELLULAR LINES 

8.10.1 MTT EXPERIMENT 

MTT is a colorimetric assay for assessing cell metabolic activity. Enzymes of 

metabolism are able to react with MTT compound in insoluble formazan crystals, 

which have purple colour easily detectable for spectrophotometer. Intensity of signal 

is related with cellular viability. So, procedure of work is done in the following manner: 

First, in 24-well plate, ARPE-19 cells at 80000cell/ml are seeded in 500µl of cell culture 

media (DMEM supplemented with FBS and ampicillin) and incubated at 37ºC for 24 

hours. In the next day, medium is removed and cells are washed with PBS 1x. Then, 

new cell culture media supplemented with corresponding concentrations of CeO2 

naked NPs is supplied to ARPE-19 cells and it is incubated again at 37ºC during 24 or 48 

hours (of course there is also cells incubated with medium without CeO2 NPs which will 

act as control). After that, 100µl of MTT (Sigma Aldrich) solution is added in each well 

and it is incubated during 4 hours at 37ºC. Subsequently, cell culture media is 

eliminated and 300µl of DMSO is added. In these conditions, formazan crystals are 

formed so, they are dissolved by pipetting and reading is proceed in 

spectrophotometer at 590nm. Results obtained are represented by GraphPad. 
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8.10.2 PRESTOBLUE EXPERIMENT 

Prestoblue is a reagent which is reduced to a fluorescence compound by components 

belonged to cellular respiration. So, signal analyzed is related with mitochondrial 

activity and, thus, with cellular viability. Indeed, prestoblue is more sensitive than 

MTT90. The procedure of work is the following way: 

First, MCF-7 breast cancer cells which were previously incubated in cell culture media 

(MEM supplemented with FBS) are transferred to wells at 5000cell/ml and they are 

incubated 24 hours at 37ºC. After that incubation, volume of CeO2 naked NPs is added 

in that wells in order to have desired concentrations in the assay and it is also 

incubated again during 24 hours at 37ºC. After that time, addition of 10µl prestoblue 

(Termofisher) reagent in each well is done, it is waited 2 hours and then, samples are 

measured by fluorimeter, reading fluorescence at 535/25nm excitation and 590/10nm 

emission. Results obtained are represented by GraphPad software. 

 

8.11 ANTIOXIDANT ASSAYS IN CELLULAR LINES 

8.11.1 CONDITIONS FOR GENERATION OF OXIDATIVE 

STRESS: DCF-DA PROBE 

This experiment is done in order to evaluate the levels of intracellular ROS after the 

induction of oxidative stress with H2O2 in ARPE-19 cells. Conditions for generation of 

oxidative stress are analyzed by DCF-DA probe. In those same conditions MTT assay is 

also done with the aim of detecting cell viability (this technique has already explained 

previously). So, to optimize concentration required of H2O2 in order to generate 

enough ROS to alter cells but without killing them is done in the following way:  

First, in 24-well plate, ARPE-19 cells at 50000cell/ml are seeded in 500µl of cell culture 

media (DMEM supplemented with FBS and ampicillin) and incubated at 37ºC for 24 

hours. The next day, cell culture media is changed and the following day, medium is 

removed, it is washed with PBS 1x and then, cell culture media with different 

concentrations of H2O2 are added to cells and it is incubated for 1 hour.  
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After that time, new medium is also eliminated, it is washed again with PBS 1x and 

500µl solution 10µM of DCF-DA* in medium is added and incubated at 37ºC for 30 

minutes. Then, another washed with PBS 1x is done and 200µl cell lysis buffer** is 

added and incubated during 10-15 minutes with shacking at 4ºC. Subsequently, 50µl of 

each lysate obtained is transferred to 96-wells black microplate and it is read 

immediately by fluorimeter at 485/20nm excitation and 528/20nm emission 

(Fluorescence values will be corrected with protein content and results will be 

expressed as percentage to controls (untreated cells)). Results obtained are 

represented by GraphPad software. 

* It is dissolved 1mg DCF-DA (Sigma Aldrich) in 400µl of DMSO forming solution 5mM 

DCF-DA. Then, 20µl of previous solution is added in 10ml of cell culture media. Thus, 

10µM DCF-DA is prepared. 

** Cell lysis buffer is composed by 20mM Tris-HCL; 150mM NaCl; 1mM EDTA and 1 % 

Triton, all dissolved in miliQ water. 

8.11.2 EFFECT OF CeO2 NPs IN OXIDATIVE STRESS 

CONDITIONS 

Procedure of these experiments is quiet similar to explained before, but in this case 

concentration of causers of oxidative stress are known and incubation with nanoceria 

is done.  

First, in 24-well plate, ARPE-19 cells at 50000cell/ml are seeded in 500µl of cell culture 

media (DMEM supplemented with FBS and ampicillin) and incubated at 37ºC for 36 

hours. The following day cell culture media is removed, it is washed with PBS 1x and 

new cell culture media supplemented with different concentrations of CeO2 naked NPs 

is supplied to cells and it is incubated at 37ºC for 24 hours. The next day medium is 

eliminated, it is washed with PBS 1x and now it is incubated at 37ºC during 1 hour with 

cell culture media supplemented with 300µM H2O2 or 50µM antimycin A or 250µM 

tBH in order to generate free radicals. After that time, medium is eliminated, it is 

washed with PBS 1x and 500µl solution 10µM of DCF-DA in medium is added and 
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incubated at 37ºC for 30 minutes. Then, DCF-DA solution is removed, it is washed 

again with PBS 1x and 200µl cell lysis buffer is added and incubated during 10-15 

minutes with shacking at 4ºC. Subsequently, 50µl of each lysate obtained is transferred 

to 96-well black microplate and it is read immediately by fluorimeter at 485/20nm 

excitation and 528/20nm emission. Results obtained are represented by GraphPad 

software. 

8.12 DIGESTION OF CeO2 IN BIOLOGICAL 

SAMPLES FOR ICP-MS ANALYSIS 

Once biological samples are extracted, they have to suffer process of digestion in order 

to be analyzed by ICP-MS. ICP-MS is a precise technique with high sensitivity which is 

able to detect concentration of analyte in ppb. CeO2 NPs present in samples needs to 

be ionized in order to be measured. For that purpose, samples are subjected to strong 

acidic and oxidant conditions.  

In first place, samples are weighted and transferred to 12ml vials. Then, 1ml of piranha 

solution (H2SO4/ H2O2 3:1, reactants from Sigma Aldrich) is added on the biological 

samples. The next step consists in heating solution by microwaves under fume hood 

because of vapors generated. So, vial is closed with septum-cap crossed by crystal tube 

in order to let fumes to go and they do not make so much pressure inside vials. Later, 

several cycles of heating at different powers are done in the following way: 

-3 cycles of 1 minute at 180W. After each cycle, door of microwave is opened 30 

seconds in order to ventilate microwaves. Initially, low power is used due to formation 

of foam by denatured proteins. 

-3 cycles of 1 minute at 250W. After each cycle, door of microwave is opened 30 

seconds in order to ventilate microwaves. Once proteins are degraded, power is 

increased. 

-3 cycles of 1 minute at 350W. After each cycle, door of microwave is opened 30 

seconds in order to ventilate microwaves. Power is increased to dissolve biological 

samples. 
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-3 cycles of 1 minute at 550W. After each cycle, door of microwave is opened 30 

seconds in order to ventilate microwaves. Power is also increased to make sure 

everything is dissolved.  

After heating treatment, vials are cooled and 1ml of aqua regia (HCl/HNO3 3:1, 

reactants from Sigma Aldrich) is added on the digested samples under fume hood and 

it is waited at least 2 days before doing ICP-MS analysis. 

Then, 10ml of solution 5% acid is done from volume of digestion (which is 100% acid) 

and this is analyzed by ICP-MS technique. Results obtained are represented by 

GraphPad software. 
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NOMENCLATURE 

CeO2 NPs: Cerium oxide nanoparticles/nanoceria. 

ROS: Reactive oxygen species. 

H2O2: Hydrogen peroxide. 

OH.: Hydroxil radical. 

O2
-: Superoxide radical. 

SOD: Superoxide dismutase. 

GSH: Glutathione.  
AMD: Age-related macular degeneration.  

HERFD-XAS: High-energy resolution fluorescence detected X-ray absorption 

spectroscopy. 
Eq: Equation. 

Fe3O4: Iron oxide nanoparticles. 
AZO: Azodicarbonamide. 

DEAO: Diethanolamine oleate. 

TEA: Triethanolamine.  

AOT: Dioctyl sulfosuccinate sodium salt.  
PAA: Poly (acrylic) acid. 
HMT: Hexamethylenetetramine. 
TMAOH: Tetramethylammonium hydroxide. 
DLS: Dynamic Light scattering. 
TEM: Transmission electron microscopy. 
HR-TEM: High resolution- transmission electron microscopy. 
UV: Ultraviolet. 

PZC: Point zero charge.  

PVP: Polyvinylpyrrolidone. 

Cit: citrate.  

BSA: Bovine serum albumin. 

DMEM: Dulbecco modified eagle media.  
DMSO: Dimethyl sulfoxide. 

FBS: Fetal Bovine serum. 

PB: Phosphate buffer. 

PBS: Phosphate buffer saline. 

HRP: Horseradish peroxidase. 

tBH: tert-Butyl Hydroperoxide 

HPMC: Hydroxypropyl methylcellulose. 

ICP-MS: Inductively coupled plasma mass spectroscopy. 

VEGF: Vascular endothelial growth factor.  

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 

DCF-DA: 2',7' –dichlorofluorescin diacetate. 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
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