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CHAPTER 1 Introduction  

1.1 Basic properties of Cerium oxide nanomaterials 

Cerium (Ce) is the first element with 4f electrons in the lanthanide family (Ln), 

and when combined with oxygen atoms, cerium forms cerium oxide (CeO2) with a 

fluorite crystal structure(Hu, Haneklaus, Sparovek, & Schnug, 2006). As one of the 

most active rare-earth materials, it has piqued the interest of researchers in physics, 

chemistry, biology, and materials science. and is the most crucial nano-rare-earth 

oxide(Tyler, 2004). Figure 1.1 shows the crystal structure of CeO2 and the different 

crystallographic planes. In the crystal structure of CeO2 (1.1.a), Ce4+ fills the octahedral 

void, while O2- fills the tetrahedral void.. Simulations show that the order of stability 

of each low index crystalline plane of CeO2 in cubic fluorite structure is (111) > (110) > 

(100) (Wang, Z. L., & Feng, X., 2003).  

 

Figure 1. 1 The crystal structure (a) and the lattice planes (b-d) of CeO2  

(Wang, Z. L., & Feng, X., 2003). 
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The surface area to volume ratio of CeO2 is very high. Moreover, due to the 

presence of oxygen vacancies on the particles' surfaces, the electronic orbital structure 

of the cerium atom is changed, and the +4 and +3 valences can be interconverted and 

reversible, thus giving it the dual properties of redox (Wang & Feng, 2003). It is 

generally believed that the oxidation state of Ce4+ is more stable than Ce3+. The redox 

process shows in Figure 1.2. When CeO2 reduces, the oxygen located in the tetrahedral 

gap escapes. The two remaining electrons obtain by the two nearest Ce4+, which are 

reduced to Ce3+ (Shoko, Smith & McKenzie, 2010), resulting in the unique oxygen 

storage and release capacity of CeO2, which use as a catalyst for many redox reactions. 

Based on this fantastic property, cerium oxide has essential mechanical, catalytic, 

electrochemical, optical, and biomedical applications. 

 

 

 

Figure 1.2 The formation of oxygen vacancies. (Shoko, Smith & McKenzie, 2010) 
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1.2 Preparation of CeO2 nanoparticles 

The preparation methods of CeO2 nanoparticles mainly include the hydrothermal 

method, solvothermal method, precipitation method, reverse micellar method, thermal 

decomposition method and sol-gel method (Dhall & Self, 2018; Rojas et al., 2012). 

With the development of nanomaterial synthesis technology. Different preparation 

methods and reaction conditions, such as reaction materials, time and temperature, will 

directly affect the morphology, structure, particle size, dispersion, surface charge and 

other properties of the reaction products of CeO2 nanoparticles (Dhall & Self, 2018). 

 

1.2.1 Hydrothermal method 

The research on the synthesis of nanoparticles by hydrothermal method mainly 

focuses on nanoparticles' size, morphology and crystal variability (Rojas et al., 2012). 

The pH of the reaction medium is an crucial factor in how nanoparticles behave and 

crystallize. TOK et al. (2007) used a low-temperature hydrothermal method to make 

CeO2 nanocrystalline particles from cerium hydroxide and cerium acetate. Han et al. 

(2005) took a long time to get CeO2-x nanotubes. This approach has the advantage of 

effectively reducing the creation of intermediate products. 

 

1.2.2 Solvothermal method 

The solvothermal method is a material preparation method developed based on the 

hydrothermal (Zhang et al., 2011). When the solvent's pressure and temperature are 

greater than its critical point, it can increase the solubility of the solid and accelerate 
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the reaction. The solvent components, surfactants and Ce source precursors have 

essential effects on the morphology of the final product. Sun et al. (2005) used this 

method to synthesize pure phase CeO2 nanorods. They found that the reaction 

temperature and reaction time significantly affected the productivity of CeO2 nanorods. 

This method has the advantages of high purity and good homogeneity and is one of the 

critical techniques for preparing low-dimensional nanomaterials. 

 

1.2.3 Precipitation method 

Precipitation is a method of adding precipitating agents to a salt solution. Such as 

NH3, OH- and CO2-3 are hydrolyzed or precipitated under certain reaction conditions 

and calcined to obtain the target product. Sreeremya et al. (2012) reported a simple 

ammonia precipitation method to prepare ultra-small monodisperse CeO2 nanoparticles. 

This method has low cost and can prepare on a large scale. 

 

1.2.4 Reverse micellar method 

Oil and water are two immiscible liquids. They are dispersed using surfactants to 

reduce the surface tension between the oil and water interface, called microemulsions. 

The reaction that occurs in the aqueous medium can carry out in the water-in-oil 

microemulsion, which is called the inverse micellar method. Sathyamurthy et al. (2005) 

prepared CeO2 nanoparticles with a particle size of about 3. 7 nm by the reverse micellar. 

It has the advantage of obtaining uniformly sized and narrowly distributed 

nanoparticles. 
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1.2.5 Thermal decomposition method 

This method allows control of the appropriate reaction atmosphere, addition of 

activator, reaction time and temperature-controlled form of CeO2. Lin et al. (2010) used 

this method to synthesize size CeO2 nanosheets and nanorods. This method is 

successful in the preparation of high-quality nanoparticles.  

 

1.2.6 Sol-gel method 

Using sol-gel approach synthesizes metal oxides to control nanoparticle size, 

shape, pure phase, surface area, and pore size. It is based on the principle that the 

reaction precursors are hydrolyzed, zed and condensed to form a stable and transparent 

solute by chemical reactions. Subsequently, the copolymerize sizes and gels to form a 

wet gel. Finally, the wet gel is dried and roasted to obtain the final product (He et al., 

2012). The reaction materials are generally metal alcohol salts or soluble salts. Periyar 

et al. (2011) developed a novel aqueous sol-gel method to prepare CeO2 with a 9-13 nm 

particle size using cerium nitrate and ammonia as raw materials. The fundamental 

advantage of this procedure is that it does not necessitate the use of pricey precursors. 

Furthermore, the synthesis process is simple and controllable. 

 

1.3 Antioxidant properties of CeO2 nanomaterials 

CeO2 has many oxidizing qualities as following sub-titles. 

1.3.1 Oxidative stress and antioxidants 
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Reactive oxygen species (ROS) are harmful substances. Producing large amounts 

of ROS can cause damage to living organisms (Zorov et al., 2014). Some ROS are 

radicals, molecules or ions with a single electron and can exist independently (Yang, 

Chen & Shi, 2019). If the single electron is an oxygen-containing oxygen atom, it is 

characteristic of the generated in a free radical reaction. At the same time, it can initiate 

a free radical reaction directly or indirectly (Volpe et al., 2018).  

Three of the most prevalent ROS are hydrogen peroxide (H2O2), superoxide ion 

(O2), and hydroxide radical (OH-) (Zorov et al., 2014). ROS exhibit high reactivity in 

organisms and can cause damage to various types of macromolecules (e.g. proteins, 

nucleic acids, lipids)(Friedman et al., 2011; Valko et al., 2006). It is noteworthy that 

ROS in the average concentration range can effectively scavenge various metabolic by-

products in the body and act as information molecules to regulate physiological 

functions. However, oxidative stress can occur when an organism is exposed to external 

stimuli or has an internal metabolic imbalance that causes an abnormal rise in ROS 

concentration, generating an imbalance in the oxidative and antioxidant systems. As 

shown in Figure 1.3, the relationship between the number of reactive oxygen radicals 

in the cell and the cellular activity. Oxidative stress can cause damage to many vital 

organelles in cells, such as cell membranes and mitochondria, resulting in cell 

death(Seifried, Anderson, Fisher, & Milner, 2007; Beckman & Ames, 1998; Celardo et 

al., 2011). The reactive activity of excess ROS can react with organism proteins and 

nucleic acids. Causing oxidative damage to the organism and eventually producing 

disease.  
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Figure 1.3 The role of ROS interactions in cell. (Seifried et al., 2007) 

 

In clinical studies, ROS have been associated with the development of several 

illnesses. (Wang & Yi, 2008; Murphy & Steenbergen, 2008; Liao et al., 2001; Culcasi 

et al., 2012; Taniyama & Griendling, 2003; Poehlmann et al., 2012; Valko et al., 2007). 

As a result, maintaining an adequate range of ROS concentrations in organisms is a 

significant and pressing concern. 

Antioxidants are substances that can eliminate ROS, inhibit ROS production, or prevent 

ROS from reacting with the tissues of organisms (Khan, 2011). Throughout evolution, 

organisms have developed antioxidant enzymes capable of eliminating free radicals in 
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the body, primarily superoxide radical dismutase (SOD), Catalase (CAT), and 

glutathione peroxidase (GSH-Px) (Valko et al., 2006). 

SOD is a vital enzyme for the human body's defence against superoxide ions and 

is abundant in many different tissues. There are two significant types of SOD in cells, 

one containing Cu2+ and Zn2+ as cofactors and found primarily in the cytoplasm, and 

the other containing Mn2+ and found primarily in the mitochondria. As demonstrated 

by equations (1-1) and (1-2), the primary function of SOD is to catalyze the 

decomposition of O2·-, which converts two molecules of superoxide radicals ( O2·- ) 

into one molecule of H2O2 and one molecule of O2 (Valko et al., 2006). CAT can 

decompose the O2·-, H2O2 metabolites into O2 and H2O, as shown in equations (1-3) 

and (1-4).  

CAT is an iron porphyrin-binding enzyme that encourages hydrogen peroxide's 

breakdown into molecular oxygen and water while also removing it from the body, 

thereby protecting cells and tissues from the damage caused by H2O2, and is a critical 

enzyme in the biodefense system (Matés et al., 1999). 

In addition, An essential H2O2-degrading enzyme present throughout the body is 

GSH-Px. Selenocysteine is the GSH-Px active center, which catalyzes the conversion 

of reduced glutathione (GSH) to oxidized glutathione (GSSG), transformation of 

harmful peroxides into harmless hydroxyl compounds, and defense against peroxide-

induced interference with and damage to cell membranes.(Matés et al., 1999). 

Equations (1-5) through (1-6) describe the possible mechanism. 
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is one of the most widely used nano-antioxidant materials, with a high potential for 

biological antioxidant applications. CeO2 nanoparticles are desirable compared to 

small-molecule antioxidants due to their superior antioxidant capacity and 

biocompatibility. 

 

1.3.2 Antioxidant mechanism of CeO2 

Cerium ions preferentially from Ce4+ in CeO2, which is more stable. It crystallizes 

in a fluorite structure with eight oxygen atoms surrounding a single cerium atom to 

form a tetrahedral shape (Korsvik et al., 2007). Despite this, it is subject to interior 

vacancy faults. A portion of the ceria is present as Ce3+, and oxygen vacancies offset 

the positive charge vacancy. Thus, the catalytic activity of CeO2 nanoparticles stems 

from their quick and reversible conversion between Ce3+ and Ce4+, and the cerium ion 

can readily and significantly adjust its electronic configuration to the chemical 

environment in which it is present (Singh et al., 2011). This characteristic is highly 

similar to that of enzymes. There is evidence that CeO2 can remove O2·-, H2O2 and 

hydroxyl radicals (.OH) (Korsvik et al., 2007; Singh et al., 2011; Xue et al., 2011). It 

mimics the function of several biological enzymes, including SOD and CAT. 

 

1.3.2.1 SOD simulated activity 

The elimination of superoxide radicals by CeO2 is similar to that of SOD, as 

illustrated in equations (1-7) and (1-8), in which Ce4+ is reduced to Ce3+ by superoxide 

radicals and Ce3+ combines with superoxide radicals to form Ce4+, establishing a 
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radicals and was oxidized to Ce4+ (orange) when CeO2 nanoparticles in solution were 

treated immediately with H2O2 (yellow). After thirty days, the solution's colour faded 

and reappeared, exhibiting the regenerative capacity of CeO2. The ability of CeO2 to 

regenerate itself is the key to its function as an antioxidant. In a subsequent study, 

Perez's group discovered that this regenerating capacity is dependent on the pH value. 

It was mainly preserved under physiologically neutral (pH 7.4) or mildly alkaline 

circumstances but vanished under acidic conditions (Perez, Asati, Nath & Kaittanis, 

2008). They altered the reaction mechanism between cerium oxide and hydroxyl 

radicals. 

Nevertheless, these findings are all circumstantial evidence. Later, Xue et al. (2011) 

employed absorbance measurements of a system of methyl violet interacting with 

hydroxyl radicals to demonstrate that CeO2 could react with (.OH). This activity was 

proportional to the nanoparticle size and the surface Ce3+ concentration. Consequently, 

the system's absorbance changed. So, there is direct support for this viewpoint. 

 

1.3.2.4 Scavenging (.NO) ability 

The (.NO) has beneficial and detrimental biological effects (Knott & Bossy-

Wetzel, 2009). It can combine with superoxide radicals to form the more dangerous 

nitrite anion (ONOO-). The amount of (.NO) in many disorders is significantly higher 

than in a healthy body. Hence, it is essential to eliminate excess (.NO) levels. Inspired 

by the capacity of CeO2 nanoparticles to scavenge industrial NO exhaust and their 

capacity to absorb and degrade (.NO), Self and colleagues investigated and proved the 
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ABTS. This activity depends on the pH, polymer layer thickness, and particle size(Asati 

et al., 2009). 

 

1.3.2.7 Phosphatase mimetic activity 

Phosphatases are an enzyme family that hydrolyzes and dephosphorylate groups 

to generate phosphates (Cohen, 2002). Phosphorylation and dephosphorylation play 

vital roles in a variety of biological processes, including signal transduction, cell 

differentiation, proliferation, and metabolism. Recent reports indicate CeO2 hydrolyses 

the phosphate bonds of numerous physiologically significant small compounds. Tan et 

al. (2008) discovered that CeO2 might dephosphorylate phosphoproteins effectively. 

Kuchma et al. (2010) revealed that CeO2 nanoparticles might hydrolyze various 

biomolecular linkages containing phosphate. 

 

1.3.3 Factors affecting the antioxidant activity of CeO2 optimization  

Many factors influence the properties of nanomaterials, including their chemical 

composition, size, shape (exposed crystalline surfaces), oxygen defect sites, and surface 

coating (Thomas et al., 2001; Sharifi et al., 2012). Consequently, these physicochemical 

properties also impact the antioxidant capacity of CeO2 nanomaterials and their 

interaction with biological organisms. Physicochemical properties have been shown to 

influence the bioactivity of CeO2 nanoparticles, even though there only appears to be 

minimal research on this subject. These properties can also use optimized utilizing line 

CeO2. 
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The size of CeO2 nanoparticles affects the Ce3+ to Ce4+ ratio of the material. CeO2 

has the property of reversible conversion between Ce3+ and Ce4+, which results in the 

formation and removal of oxygen defects, and this property is the basis of its catalytic 

application and thus affects its antioxidant activity (Sharifi et al., 2012).  

Lee et al. (2012) obtained subspherical CeO2 nanocrystals with uniform and 

tunable sizes ranging from 3mm to 10 nm by thermal decomposition at high temps of 

diverse cerium precursors. It found that the smaller the primary particle size of the 

obtained nanocrystals, the more the ligand oxygen atoms on the surface are missing, 

which leads to increased lattice tension and higher Ce3+ content. With the increase of 

the Ce3+ and Ce4+ ratio, the ability of CeO2 to catalyze H2O2 decomposition also 

increases. In addition, Tsang et al. found that CeO2 with a size less than 5 nm was more 

easily reduced and had higher catalytic activity (Xu et al., 2010). As the particle size 

decreases, there is a corresponding increase in the surface area unique to the component, 

which in turn increases the contact reactivity of CeO2 with the substrate. 

The catalytic activity of CeO2 nanomaterials is also closely related to their exposed 

crystallographic surfaces. The order of stability of CeO2 crystallographic surfaces is 

(111)>(110)>(100). Several typical morphologies of CeO2 expose different 

crystallographic surfaces, such as CeO2 nanocubes exposing (100) crystallographic 

surfaces, nonpolymeric exposing (111) and (100) crystallographic surfaces, and 

nanorods exposing (110) and (100) crystallographic surfaces (Mai et al., 2005). Yan et 

al.(2004) found that the oxygen storage of CeO2 nanorods and nanocubes can occur on 

the surface and inside the material. However, the oxygen storage of CeO2 nonpolymeric 
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can only occur on the surface of the material, which indicates that the (110) and (100) 

crystalline surfaces have superior oxygen storage capacity compared to the (111) 

crystalline surface (Mullins et al., 1998; Wu et al., 2012). The oxygen defect state can 

explain the differences in catalytic activity and oxygen adsorption ability of various 

crystalline surfaces in CeO2. Wu et al. (2012) studied the variations in oxygen defect 

state, oxygen adsorption species, and catalytic activity of various crystalline surfaces 

in CeO2. CeO2 nanorods contain the largest concentration of inherent flaws and the 

maximum oxygen species adsorption capability, according to researchers (Wu et al., 

2010). 

Therefore, the CeO2 crystalline surface-dependent catalyst lytic activity is 

intrinsically caused by the different crystalline surfaces with different oxygen defect 

sites; oxygen defect generates the ion capacity, the unsaturation of surface Ce ligand 

sites, and oxygen species adsorption capacity(Wu et al., 2010). OptimizingOptimizing 

these factors, increasing the exposure ratio of active atoms on the CeO2 surface and 

increasing the reaction possibility of active sites with catalytic substrates, increasing 

the catalytic activity of CeO2 nanomaterials can ultimately be achieved. 

The surface coating affects the zeta potential, biocompatibility and Ce3+/Ce4+ ratio 

of CeO2 nanomaterials, which is also an essential factor affecting the biological 

antioxidant activity of the material. Karakoti et al. (2009) highlighted the impact of 

PEGcoating on the antioxidant activity of nano- CeO2. Synthesized zed PEG-coated 

CeO2 nanoparticles directly in PEG600 solution added to H2O2 and found that PEG 

accelerated the reductive regeneration of Ce3+ and improved the antioxidant activity of 
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CeO2 nanoparticles. Perez, Asati, Nath & Kaittanis. (2008) showed that dextran-coated 

CeO2 nanoparticles catalyze the decomposition of H2O2 at pH 7.4, while at pH 4.0, the 

interaction between CeO2 and H2O2 was unidirectional and non-cyclic. Therefore, the 

dextran-coated nano-CeO2 recognizes nine normal and tumour cells depending on the 

environmental pH and selectively protects normal cells and tissues from free radical 

damage.  

 

1.4 The application of CeO2 nanomaterials in the bio-antioxidation 

Due to the increase in research on the biological applications of nanomaterials, the 

application of CeO2 nanoparticles in bio-antioxidants has attracted more interest in 

recent years. At the nanoscale, CeO2 can catalyze the breakdown of excess free radicals 

in living organisms, potentially treating oxidative stress-related disorders(Khanam, Ali, 

Asif, & Shamsuzzaman, 2016). 

 

1.4.1 Application of CeO2 in neurological diseases 

Neurodegenerative diseases are irreversible neurological disorders defined as the 

loss of neuronal cells in the central nervous system and characterized by a clinical 

manifestation and notation dysfunction, including Alzheimer's disease (AD), 

Parkinson's disease (PD), and Huntington's disease (HD)(Khanam, Ali, Asif, & 

Shamsuzzaman, 2016). Although many factors influence the pathogenesis of 

neurodegenerative diseases, oxidative stress factors are strongly associated with the 

development of the disease(Jomova, Vondrakova, Lawson, & Valko, 2010). 
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mg/kg CeO2, the volume of cerebral infarction in male SD rats was reduced to 50 per 

cent in the control group. The distribution of CeO2 in rats showed that the nanoparticles 

could be effectively enriched in damaged brain tissues. Due to the inability of CeO2 

nanoparticles to cross the blood-brain barrier into normal brain tissues but their ability 

to cross ischemic brain tissues into damaged brain tissues, a new possible treatment 

option for stroke patients may be available(Kim et al., 2012). 

 

Figure 1.4 Infarct volume and ischemia-induced cell necrosis in SD rats. (a) Effect 

of CeO2 dosage on infarct volume due to stroke; (b) Infarct area of stroke, brain 

sections at 2 mm intervals from top to bottom; (c) Brain sections of rats with CeO2 

dosage of 0.5 mg/kg versus 0.7 mg/kg and control group; (d) Micrographs of cellular 

necrosis in brain sections; (e) TUNEL positive cell count results (Kim et al., 2012)  
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Das et al. (2007) described use CeO2 in spinal cord nerve cell repair and other 

central neurodegenerative disorders and assessed their antioxidant capacity and 

biocompatibility. CeO2 nanoparticles were known to be successful in protecting adult 

rat (mean age 3-4 months) spinal cord nerve cells with excellent properties and 

regenerative capacity. The electrophysiological results verify that CeO2 nanoparticles 

had a protective effect on spinal cord nerve cells, and the oxidative damage assay 

illustrated that CeO2 nanoparticles had a greater hydrogen peroxide detoxification 

capacity, denoting that CeO2 could be used to treat ischemic injury. 

 

1.4.2 Applications of CeO2 in other disease-related areas 

The antioxidant properties of CeO2 nanoparticles make CeO2 promising for 

treating applications for osteoblasts tissue - engineered and borne pathogens. 

Uncertainty persists regarding CeO2's impact on the generation of intracellular ROS in 

osteoclasts (OCs). Numerous studies have revealed that subcellular ROS are necessary 

for the development of osteoclasts (Liu et al., 2021). Yuan et al. (2020) explored the 

effects of CeO2 on OC distinction and any underlying reasons that may be involved. 

This study discovered that CeO2 induced apoptosis in bone marrow-derived 

macrophages (BMMs) at high accumulation by modifying the threshold of cellular 

ROS and promoting OC formation while inhibiting osteoclast genesis in vitro.        

Light radiation causes an increase in intracellular ROS in retinal photoreceptors. 

CeO2 nanoparticles can effectively reduce retinal degeneration caused by intracellular 

ROS. Chen et al. (2006) as per reports, CeO2 nanoparticles could reject free radicals 
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from attacking rat retinal nerve cells. They explored that pre-implantation of CeO2 

nanoparticles avoided radiation-induced visual impairment in SD rats, significantly 

improving the radiation-induced visual impairment when CeO2 nanoparticles were 

implanted after radiation exposure. Moreover, the antioxidant effect was more 

pronounced when the dose of nanoparticles was increased. 

Niu et al. (2007) examined in monocyte chemoattractant protein-1 (MCP-1) 

knockout mice the therapeutic reflect of CeO2 nanoparticles on myocardial 

inflammatory response. It was found that CeO2 nanoparticles could inhibit cardiac 

dysfunction in transgenic rats. They suggested that CeO2 nanoparticles could inhibit the 

production of various reactive oxygen radicals and NOx and inhibit endoplasmic 

reticulum stress and inflammatory processes in cardiac myocytes.  

Cardiac progenitor cells can differentiate into central cardiac cells, such as 

myocardial and cardiovascular cells. They can be used to treat heart disease. However, 

the in vitro culture of large numbers of cardiac progenitor cells requires that ROS are 

maintained at normal physiological levels. A research group exposed cardiac progenitor 

cells to 5, 10 and 50 g/mL of CeO2 nanosuspensions and found that cell growth and 

differentiation were unaffected and that the cells were protected from H2O2-induced 

cellular damage for at least seven days (Pagliari et al., 2012).  

Smoke contains species that induce the production of ROS in humans. These ROS 

can affect normal cellular physiology and contribute to cardiovascular disease. 

Antioxidants are an effective drug for the treatment of smoke-induced cardiovascular 

disease. Niu et al. (2011) found that cell prepping with CeO2 nanoparticles effectively 
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The ulcer-protective activity of various-sized CeO2 nanoparticles, 160 nm was 

evaluated in an animal model showed a sol-gel method is easy to use and efficient. 

Researchers discovered that 1 mg/kg of CeO2 by the digestive membrane is shielded 

from alcohol peptic ulcer disease by nanoparticles. CeO2 nanoparticles inhibited ulcers 

by 80.2 per cent, comparable to the standard drug ranitidine at 87.9 per cent (Prasad, 

Davan, Jothi, Phani, & Raju, 2013). 

Similar results were obtained in an in vivo experiment using female athymic nude 

mice (NCI-nu) as a model. They concluded that CeO2 nanoparticles could act as a free 

radical scavenger and increase the expression of SOD before radiation injury to protect 

gastrointestinal epithelial cells and reduce radiation-induced injury. They also reported 

that CeO2 nanoparticles reduced irradiation-induced oral dryness and dermatitis in the 

head and neck of NCI-nu (Madero-Visbal et al., 2012). Therefore, CeO2 nanoparticles 

may be a radioprotective agent in radiation therapy. 

 

1.4.3 Other biological applications of CeO2 nanomaterials 

In addition to antioxidant biological applications, CeO2 nanomaterials play an 

important role as antioxidants in other biological fields. These include biomonitoring, 

drug carriers, disease-assisting therapies and bio-scaffolds. 

Asati et al. (2009) found CeO2 nanoparticles have oxidase-like activity and can 

rapidly oxidize simple diffusion and coloring agents in acid conditions without needing 

additional oxidants. They covalently modified the surface of CeO2 nanoparticles with 

folic acid ligands to form CeO2 composites that could be targeted to cancer cells for 
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quantitative detection of antigens (or antibodies). As shown in Figure 1.5, this assay 

has significant advantages over conventional methods in that it uses stable, water-

soluble CeO2 nanomaterials as immunoassay reagents and does not require horseradish 

peroxidase or readily decomposable hydrogen peroxide.  

 

 

 

Figure 1.5 Comparison of conventional and nano CeO2-based ELISA.  

( Asati et al., 2009)  

 

Another group used CeO2 as a drug carrier to attach a human carbonic anhydrase 

hCAII inhibitor to the surface of CeO2 using epichlorohydrin. This material can inhibit 

hCAII in living cells and has a therapeutic effect on diseases such as glaucoma. In 
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addition, CeO2 nanoparticles can be modified with other drugs and used as a non-toxic 

delivery vehicle for drugs(Patil, Reshetnikov, Haldar, Seal, & Mallik, 2007).  

Inspired by the unique and versatile nature of CeO2 nanoparticles, a research group 

designed an anticancer drug delivery system based on CeO2 coated mesoporous silica 

(SiO2) nanoparticles (MSNs@ CeO2). Due to its cytotoxic properties under acidic 

conditions, CeO2 has synergistic antitumor effects with antitumor drugs. In addition, 

due to its antioxidant properties in the physiological environment, CeO2 will facilitate 

the ensuing metabolic processes. The versatility of CeO2 makes it an attractive material 

for drug delivery(Xu et al., 2013). 

Karakoti et al. (2010) reported that CeO2 could promote collagen production in 

human bone marrow cultivated on amorphous bio glass fibers, mesenchymal stem cells 

(HMSCs). Therefore, the implantation of CeO2 in to other highly permeable three-

dimensional biocompatible cants can inspire peptides and osteogenesis divergence. in 

HMSCs. Mandoli et al. (2010) produced a two-dimensional polymer-ceramic bio 

carrier for the in vitro culture of stem cells from a mixture of CeO2 powders. This shows 

that CeO2 not only improves the mechanical properties of polymer-based composites 

but also has great potential for tissue engineering applications due to its antioxidant 

activity, which promotes the biochemical activity of regenerated tissues.             

Other groups have combined tracer technology with the antioxidant properties of 

CeO2 for clinical applications and investigations. For example, Babu et al. (2010) 

synthesized biocompatible rare-earth co-doped CeO2 nanomaterials adopting Er3+, 

Ho3+ and Tm3+ as an catalysts and Yb3+ as a delicate activator and to achieve up 
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conversion fluorescence emission from the NIR to the visible region, which can be used 

for in vivo diagnostic imaging. At the same time, they found that the synthesized CeO2 

nanomaterials were not significantly toxic to normal cells HUVEC and WI-38 but could 

significantly inhibit the proliferation of human lung cancer cells CRL-5803. The 

authors attributed this to the structural and metabolic differences between normal cells 

and cancer cells. 

 

1.5 Toxicity of CeO2 nanoparticles 

Although the unique bioactivity of CeO2 nanomaterials has attracted increasing 

attention, a thorough evaluation of the biosafety of CeO2 nanomaterials is necessary 

before they can move towards biological applications. Most studies have shown that 

CeO2 nanomaterials are biocompatible, but some have shown that CeO2 may cause 

some cytotoxicity. This is most likely related to the different synthesis pathways of 

CeO2 nanomaterials. The different synthesis routes change the physicochemical 

properties of the nanomaterials (e.g. structure, chemical composition, size, surface 

charge, redox activity, concentration, solubility and agglomeration state)(Nel, Xia, 

Mädler, & Li, 2006), which directly affect their biotoxicity. As a result, more long-term 

study is required. The safety of CeO2 nanoparticles in live beings, as measured by 

several markers such as signalling and redox homeostasis.  

Lin et al. (2006) used a supercritical method to synthesize 20 nm CeO2 particles. 

They examined the material's toxicity in human normal lung epithelial cells (BEAS-

2B), finding that the amount of intracellular ROS increased and the amount of GSH 
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decreased with increasing CeO2 input. Park et al. (2008) used the same method to 

synthesize CeO2 with differ sizes. The results were similar to those of Lin's group when 

BEAS-2B cells commonly used in the laboratory were exposed to different 

concentrations of CeO2 nanoparticles. They found that CeO2 induced the expression of 

genes induced chromatin moisture and induction of apoptosis, all of which were 

oxidative stress-related..  

Zhang et al. (2011) examined how CeO2 nanoparticles hinder nematodes as a 

model organism and found that CeO2 nanoparticles could cause accumulation of ROS 

and oxidative damage in nematodes, ultimately leading to a shortened life cycle. 

Srinivas et al. (2011) researched the outcomes of acute inhalation of CeO2 nanoparticles 

on Wistar rats. They found that acute inhalation of CeO2 nanoparticles increased the 

expression of pro-inflammatory factors, which further caused oxidative stress, lipid 

peroxidation, increased permeability and lung epithelial cell lysis. When CeO2 

nanoparticles are absorbed by lung epithelial cells, they are difficult to be cleared from 

the lungs, which can induce chronic inflammation.  

Xia et al. (2008) compared the toxicity of TiO2, ZnO and CeO2 nanoparticles and 

found that ZnO caused ROS production in mouse macrophages (RAW 264.7) and 

human normal lung epithelial cells (BEAS-2B) and led to oxidative damage and cell 

death. In contrast, CeO2 nanoparticles did not cause inflammation or cytotoxicity but 

inhibited ROS production and protected cells from oxidative damage. 

Another research group evaluated the genotoxic effects of CeO2 nanoparticles 

using human lens epithelial cells (CRL-11421) cultured in vitro. It was found that 5 and 
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antioxidant processes of CeO2 nanomaterials. Therefore, we investigated the effects of 

CeO2 nanomaterials in biological applications by preparing different shapes of CeO2 

nanomaterials. 
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Figure 2.2 Schematic illustration of XPS working principle. 

 

The binding energy of the electron (EB) can reflect the host element of the electron 

and the corresponding oxidation state as well. As the kinetic energy (Ek) of ejected 

electron detected by spectrometer is related to EB (Equation 2.3), the element 

composition(s) and corresponding oxidation state(s) can therefore be determined. The 

XPS signal is usually used to quantitatively analyze surface chemical composition by 

the integration of area below. However, as X-ray can go deeply into the material, only 

a small fraction of surface photoelectrons can escape from the material and be detected 

by the spectrometer. Therefore, extra caution is needed while dealing with quantitative 

data. 

 

2.1.2.3 Transmission electron microscopy (TEM) 

TEM is a very useful analytical technique for the study of materials with various 

morphologies on the nanoscale. It provides information about the finest details of the 

internal structure of the material and the size and shape of nanomaterials. The TEM has 
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Table 2.1 List of some isotopes of atoms 

 

1. A nucleus or isotope with even atomic mass (A), atomic number (Z) and neutron 

number (N) will give zero nuclear spin (I = 0) and thus no NMR signal (e.g. 12C, 16O, 

18O and 32S).  

2. While a nucleus/isotope with even A but odd both Z and N will give integer I and be 

detectable by NMR (e.g. 2H (I = 1), 10B(I=3) and 14N(I=1)). 

3. For a nucleus/isotope with odd A (either odd Z and even N or even Z and odd N), 

the spin states can be expressed as n/2 (n is an odd integer) and also be detectable by 

NMR (e.g. 1H (I = 1/2), 11B (I = 3/2), 13C (I = 1/2), 14N (I = 1/2), 17O (I = 5/2), 31P 

(I = 1/2)) 

 

Nuclear Zeeman effect and Larmor frequency 

The spin state energy expressed below is proportional to nuclear spin number (mi) 

and the strength of external magnetic field (BO):  
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Figure 2.5 Photograph of XRD 

2.1.3.2 XPS  

Ce 3d and O 1s XPS spectra were recorded by using a Thermo XPS instrument 

with Al as the X-ray source. The C 1s peak at 284.80 eV was used as the peak reference. 

 

2.1.3.3 TEM  

TEM & HRTEM 

    TEM and HRTEM images of CeO2 nanozymes are cllocted by Philips Tecnai 12 

BioTWIN and JOEL-2100F, respectively. 

 

2.1.3.4 Superoxide dismutase (SOD)-like activity 

The SOD-like activity was evaluated using commercial assay kit purchased from 

ALADING. 

2.1.3.5 Catalase (CAT)-like activity  
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protein content of N27 cells in each group had to be measured. After lysis for 20 min, 

the supernatant was centrifuged at 1200 rcf for 10 min and transferred to a pre-cooled 

centrifuge tube on ice for examination. The samples to be collected and each standard 

concentration of protein standards were transferred to an enzyme standard plate, and 

the monochromatic wavelength of the enzyme standard was set to 560nm.  

 

2.2.3.6 Mitochondrial membrane potential 

JC-1 is a lipophilic cationic fluorescent dye that specifically accumulates in active 

mitochondria, making it an ideal fluorescent probe for a wide range of mitochondrial 

membrane potential assays. N27 cells were exposed to JC-1 solution at 37 °C for 30 

minutes, shielded from light, and washed twice with PBS, Then tested by flow 

cytometry. Detection using conventional green fluorescence (FITC-H) and red 

fluorescence (PI-H). The relative ratio of red to green fluorescence could be used to 

express the change in mitochondrial membrane potential. 

 

2.2.3.7 ATP content 

After the cells have been plastered and treated with the drug, the ATP kit reagent 

will be administered according to the manual, then record luminescence. 

 

2.2.3.8 TUNEL assay 

The DNA fragmentation exacerbated by 6-OHDA fibers was investigated using 

an in-situ apoptosis detection kit flowed the manufacturer's protocol. In brief, cells were 
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stereotaxic apparatus with coordinates: AP: +0.5, ML: +2.0, DV: 3.0. 6-OHDA solution 

was slowly injected. At the end of the injection, the needle was left in place for 10 

minutes and sutured. 

 

2.2.3.11 Animal behavior test 

Apomorphine-induced rotation: Apomorphine was dissolved in 0.02% Vc at a 

concentration of 0.05 mg/ml (net weight of apomorphine); mice were then injected 

intraperitoneally at a dosage of 0.5 mg/kg. 10 min after injection, mice placed in a 

groove and the number of circles to the right was recorded for 30 min. 

Open field: Mice were first acclimatized to the open field environment 1 day in 

advance for 1 h/per day. Then, They were given 5 minutes to move around freely in the 

open field, so their paths were recorded. 

Rotarod: Mice were trained to twirl the baton twice a day, 4 days in advance. The 

first day was spent at a low and constant speed, and the second and fourth days were 

spent turning the baton at a speed setting of 5-40 rpm, with 5 rpm added every 10 s. 

 

2.2.4 Statistical analysis  

Data were statistically analyzed using GraphPad Prism 8. 0 and Image J software 

for image processing. Quantitative data are expressed as mean ± SD. Comparisons 

between the sample means of the two groups were statistically analysed using the t-test 

and comparisons between multiple groups were made using one-way ANOVA. P<0.05 

being considered a statistically significant difference. 
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CHAPTER 3 CeO2 shapes with multiple antioxidant enzyme-like activities 

3.1 Introduction 

The homeostasis of reactive oxygen species (ROS), such as O2
·-, ·OH and H2O2, 

is very important to the health of neural system (Bórquez et al., 2016; Schieber & 

Chandel, 2014). In general, the NADPH oxidase 2 (NOX2) on cell membrane can 

covert O2 into O2
·- which will later rapidly develop into H2O2 by superoxide dismutase 

(SOD). The produced H2O2 may generate ·OH via Fenton reaction to cause DAN 

damage and lipid oxidation subsequently leading to cell damage and death. To avoid 

this, the H2O2 is scavenged by catalase (CAT) and peroxidase (POD) to achieve the 

homeostasis of H2O2. Therefore, the antioxidant enzymes, such as SOD/CAT/POD, are 

very important to regulate the intracellular level of ROS. 

Thanks to the development in nanomaterials, some nanoscale metal oxides with 

instinct antioxidant enzyme-like activities, such as CeO2, V2O5, Fe2O4 and Mn2O4 

(Huang, Ren & Qu, 2019). Among them, CeO2 has been reported with SOD/CAT/POD-

like activities, which are dependent co-existence of Ce3+/Ce4+ of CeO2 (Pirmohamed et 

al., 2010). In materials science, the activity of nano CeO2 can be tuned by changing 

their shapes (Trovarelli & Llorca, 2017). Herein the CeO2 was prepared into different 

shape to gain the highest antioxidant enzymes-like activity (Tan et al., 2020; Manto, 

Xie, & Wang, 2017). 

 

3.2 Results  

3.2.1 Characterization of CeO2 nanozymes in different Shapes 
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area was found commercial (17.0 m2/g) < cube (32.8 m2/g) < octahedron (43.6 m2/g) < 

rod (95.0 m2/g) < sphere (144.0 m2/g). 

 

 

Figure 3.2 Peak deconvolution of Ce3d XPS for CeO2 (a) cube, (b) octahedron, (c) rod, 

(d) sphere and (e) commercial. 

 

The co-existence of Ce3+/Ce4+ was confirmed by the Ce3d of X-ray photoelectron 

spectrum (XPS) (Figure 3.2). Although all CeO2 samples varied in shape, size and 

surface, their chemical compositions (i.e. Ce3+/Ce4+) are very similar.   

 

3.2.2 Multiple Anti-oxidant Enzyme-like Activities of CeO2 nanozymes 

Superoxide radicals (O2
·-) is an important origin for the generation of H2O2 in the 

electron transfer chain (ETC) within mitochondria. In the cellular environment, the O2
·- 

can be converted by superoxide dismutase (SOD) into H2O2 which be further scavenged 
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by peroxidase (POD) can catalase (CAT) to avoid ROS accumulation. Therefore, we 

firstly test the SOD-like activity of CeO2 nanozymes in different shapes using the 

commercial SOD assay kit.  

 

 

Figure 3.3 The (b) UV-Vis spectra of WSTf-1 formazan and the corresponding (c) 

WST-1 formazan production/SOD-like activity of CeO2 nanozymes in different shapes 

(room temperature, 30 mins). 

 

In the general assay, the xanthine is oxidized by O2 in the presence of xanthine 

oxidase forming uric acid and O2
·- (Figure 3.5a). The as-formed O2

·- can reduce the 

colorless WST-1 to form light yellow WST-1 formazan with UV-Vis absorbance at 438 

nm (Figure 3.5a(i)). On the other hand, the as-formed O2
·- can be scavenged by SOD 

and the reduction of WST-1 to WST-1 formazan will be inhibited(Figure 3.5a(ii)). 

Hence, the SOD-like activity of CeO2 nanoshapes is reversed to the WST-1 formazan 
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formation, which can be monitored by UV-Vis. As shown in Figure 3.5(b), after 

incubating for 30 minutes, all CeO2 nanoshapes exhibited a decrease in absorbance at 

438 nm except for the CeO2 octahedron. Compared to the control experiment, the 

formation of WST-1 formazan was found octahedron > rod > commercial (comm.) > 

cube > sphere (Figure3.5 c). This result indicated a reversed SOD-like activity of 

sphere > cube > commercial> rod > octahedron because SOD-like activity of CeO2 

nanozymes can inhibit the reduction of WST-1 by scavenging O2
·-

 radicals. It is 

surprising that octahedron and cube displayed completely different SOD-like activity 

even though they are in the same crystal structure. 

 

In addition to the O2
·- radicals, H2O2 is another important ROS mediate in the 

ETC because it is not only the downstream of O2
·-, but also the origin of the strong 

oxidant ·OH radicals. The efficient scavenging of H2O2 can thus avoid the 

accumulation of H2O2 and excess generation of OH radicals. In the regulation of H2O2, 

CAT is responsible to decompose the excess of H2O2 while POD usually fine tunes the 

concentration of H2O2 in cellular signaling. To this end, the CAT-like and POD-like 

activity were also evaluated respectively. 
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antioxidant activity of different CeO2 nanoshapes, a rador analysis was carried out in 

Figure 3.6 a-e. It is obvious that CeO2 cube displays CAT-, POD- and SOD-like 

activity, and its CAT-like activity is higher than POD-/SOD-like activity (Figure 3.6a). 

It is very surprising that CeO2 octahedron shows the extremely low antioxidant enzyme-

like activities compared to other shapes (Figure 3.6b). The CeO2 rod (Figure 3.6c) and 

commercial CeO2 (Figure 3.6e) exhibit similar SOD-/CAT-like activity. As for the 

CeO2 sphere, negligible POD-like activity can be observed on it while its showed high 

CAT- and SOD-like activity (Figure 3.6d). To evaluate the antioxidant property of 

CeO2 nanoshapes, the enzyme-like activities (in U/mg) were sum up in Figure 3.6f. 

The total antioxidant enzyme-like activities were cube > sphere > rod > commercial > 

octahedron. It is interesting that the total antioxidant activity of octahedron is about 10-

fold lower than that of cube even thought their size, surface area and Ce3+/Ce4+ are very 

similar. This shape-dependency in antioxidant activity will be further explained in 

section 3.2.3. 

 

3.3 Discussion and conclusion 

From the perspective of material science and, the scavenge the ROS, such as H2O2 

and O2
·-,includes two steps: (1) adsorption and (2) reduction of the H2O2/ O2

·-.  

 

 

 



63 
 

 

Figure 3.7 HRTEM images of (a) cube and (d) octahedron. The corresponding atomic 

arrangement of (b-c) (100) surface on cube and (e-f) (111) surface on octahedron.  

 

The step (1) is reported highly dependent on the surface structure of CeO2 

(Trovarelli & Llorca, 2017; Tan et al., 2020). Therefore, we firstly identify the surface 

structure of CeO2 cube and octahedron using high-resolution TEM (HRTEM). CeO2 

cube mainly exposes (100) surfaces since its lattice spacings were found to be 0.27 nm 

(Figure 3.7a-c). The lattices paralleled to the surface of octahedron were measured to 

be 0.32 nm, indicating that (111) surface is its preferential terminated surface (Figure 

3.7 d-f).  
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Figure 3.8 DFT calculation for the adsorption energy (Ead) of H2O2/ O2
·- on cube (100) 

surface (top row) and octahedron (111) surface (bottom row). 

 

Based on the surface observed in HRTEM, the surface structures of cube and 

octahedron were set up in Figure 3.7 as many literatures suggested (Tan et al., 2020). 

To study the adsorption of H2O2/ O2
·-, the density functional theory (DFT) calculation 

was performed herein to obtain their adsorption energy (Ead). In general, the more 

negative Ead indicates the better adsorption of the adsorbates on the surface. The cube 

(100) displays a more negative Ead for H2O2/ O2
·- than that of octahedron (111) surface.  

 

    In addition to the adsorption of H2O2/ O2
·- (step (1)), their reduction obtains 

electrons from these CeO2 surfaces. Therefore, one can expect that a surface with higher 

electron densities (i.e. more electrons) can better reduce and scavenge H2O2/ O2
·-. 
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repair themselves in response to injury (Fakhri, Abbaszadeh, Dargahi, & Jorjani, 2018). 

On the other hand, microglia can provoke phagocytosis to remove foreign compounds. 

These processes will cause the oxidative stress in neuroinflammation (Fakhri, 

Abbaszadeh, Dargahi & Jorjani, 2018). 

In recent years, novel therapies have been explored to treat neuroinflammatory 

diseases. For example, cerium dioxide nanoparticles (CeO2), a novel rare-earth metal 

oxides nanomaterial, are a potent free radical scavenger and have been widely used in 

many fields of study (Nadeem et al.,2020). However, there is a lack of research of CeO2 

in the neurological field. In this study, we established an inflammation model with LPS 

to induce BV2 microglial activation. Three typical morphologies of CeO2, cube, rod,  

and octahedron nanoparticles were also synthesized. We evaluated the effects of 

different shapes of CeO2 nanoparticles on the expression levels of inflammatory factors, 

NO release and intracellular ROS production in BV2 cells. We found that CeO2-cube, 

rod and octahedron can effectively avoid the over-activation of BV2 microglia, 

reducing the intracellular ROS production. In addition to the ROS, we also observed 

that the CeO2 nanoshapes can also inhibited the production of cytokines and release of 

NO. Of these, CeO2-cube was more effective than the other two shapes. Thus, CeO2-

cube could exert a more potent anti-inflammatory and neuroprotective effect by 

inhibiting neuroinflammation. In the future, based on this property, CeO2-cube may 

have the potential in the direction of developing novel nanomedicines for the treatment 

of neurological diseases. 
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4.2.3 Effect of CeO2 on the morphology of BV2 microglia after LPS stimulation 

Under the microscopic observation, the control group cells were resting, and their 

cytosol was mostly round or shuttle-shaped. Compared with the control group, after 8h 

of LPS stimulation, the cell bodies of BV2 microglia became more prominent, and the 

cell protrusions became longer and irregular in shape, indicating that the cells were 

activated. The protrusions of BV2 microglia significantly decreased after the addition 

of different shapes of CeO2 at the same concentration. The cell morphology slightly 

improved with more round or shuttle-shaped cells. The cells have smaller cell bodies 

and fewer branches extending from the cell bodies, indicating that CeO2 inhibited the 

activation of BV2 microglia brought on by LPS. 
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Figure 4.3 Bright-field photograph of BV2 cells under LPS stimulation 

Morphological changes of cells resistant to LPS stimulation after pretreatment of BV2 

microglia with different shapes of CeO2 nanoparticles ( 20x).  
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4.2.6 CeO2 inhibited LPS-induced MCP-1 level in BV-2 cells 

In contrast to the control group, the relative expression of MCP-1 was significantly 

increased in the model group, with statistically significant differences (P<0.001). 

Moreover the relative expression of MCP-1 mRNA of model group was significantly 

lower in both CeO2 experimental groups than the model group, with statistically 

significant differences (P<0.05, P<0.01) (Figure 4.6 A). Similarly, in the supernatant 

of BV2 cells, the amount of MCP-1 released in the model group's supernatant was 

significantly higher than that of the control. In comparison, the amount of MCP-1 

released in the supernatant of the CeO2-treated celss was significantly lower than the 

untreated group, and the difference was statistically significant (P<0.05, P<0.01). 

Among them, the CeO2-cube group had a better effect on inhibiting LPS-induced MCP-

1 level in BV-2 cells than the other two groups. 

 

 

 

 

 

 

 

 

 

 



80 
 

 

 

 

 

 

 

 

 

 

 

 

 



81 
 

4.2.7 The Effects on LPS-induced iNOS mRNA expression and secretion in BV2 

cells 

Compared with the control group, the LPS can increase the iNOS mRNA 

expression in BV2 cell (P<0.01). Compared with the LPS-treated group, the cells 

treated by CeO2-cube showed the lower iNOS mRNA expression indicating the cube 

with the best protective effect (P<0.01) (Figure 4.7 A). 

As for the effect of LPS-induced iNOS secretion by BV2 cells, the model group 

significantly increased the iNOS pro-inflammatory cytokine content of BV2 cells 

compared to the control (P<0.01) (Figure 4.7 B). In contrast, the CeO2 group reduced 

the iNOS content compared to the model group, where CeO2-cube was more effective 

than CeO2-rod and CeO2-octahedron with inter-group differences. 
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4.2.8 Effect of CeO2 on NO production in BV2 cells induced by LPS. 

NO plays the role of molecular mediator, which is involved in various 

physiological processes, including vasodilation, immunity, inflammation, 

neurotransmission and thrombosis. In studies of LPS-stimulated microglia, the success 

of the neuroinflammatory cell model of LPS-stimulated microglia can be directly 

demonstrated by measuring the amount of NO in the supernatant of cell cultures to test 

the efficacy of LPS and also to test the anti-inflammatory effect of CeO2. After 

treatment of BV2 cells with LPS at a final concentration of 100ng/mL for 24 hours, the 

amount of NO released from the supernatant of the cell culture medium was higher than 

that of the control, with a significance between the two groups of p<0.01. The release 

of NO in the CeO2 treated group obviously decreased compared with the model group, 

indicating that CeO2 could effectively inhibit the LPS-induced NO release from micro 

colloid BV2 cells and had an excellent antioxidant effect. 
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4.2.9 Effect of CeO2 on ROS levels in LPS-stimulated microglia 

An indicator of intracellular ROS. It can be detected with CM-H2DCFDA, a 

chloromethyl derivative of H2DCFDA, which diffuses passively into the cell. Its acetate 

moiety can be cleaved by intracellular esterase. The chloromethyl group in its thiol 

reaction can also react with intracellular glutathione and other thiols, resulting in a 

fluorescent adduct from oxidation that resides in the cell. After LPS stimulation, 

intracellular ROS levels increased compared to the control group. NAC was the most 

positive control, as it was an antagonist of ROS, which reduced ROS caused by LPS. 

And after co-culture with CeO2, ROS levels decreased compared to the LPS-treated 

cells. The antioxidant effect of the cube was more pronounced in this group. 
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4.2.10 Flow cytometer (FCM) probes endocytosis of CeO2 in BV2 cells 

We used the FCM to probe the uptake of nanoparticles into cells after 24 hours of 

exposure. Forward scatter (FS) in the FCM indicates the correlation between intensity 

and cell size. That means a strong FSC results in giant cells, and a weak FSC results in 

small cells. And side scatters (SS), also known as 90° scattering or significant angle 

scattering. It is related to the refractive index of the cell membrane, cytoplasm and 

nuclear membrane, as well as the size of intracellular particles. Thus, the strength of SS 

reflects the nature of the delicate structures and particles within the cell. The ability of 

BV2 cells to phagocytose CeO2-cube, rod, and octahedron is nearly similar in Figure 

4.2.10 A & B. It suggests that BV2 can endocytose CeO2 and may have a biological 

impact on the cells. 
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4.2.11 Influence of CeO2 on inflammation-related protein expression 

The immunoblotting results showed that the phosphorylation level of PI3K/AKT 

proteins in BV2 microglial increased significantly after treatment with 100 ng/mL of 

LPS, which was varied from the control. In contrast, the expression of various types of 

proteins decreased significantly after treatment with varying shapes of CeO2, which 

was greatly different from the LPS-treated cells (Figure 4.2.11A and B). The significant 

difference between the LPS-treated and CeO2-treated cells indicates that CeO2 can 

inhibit LPS-induced microglial cell activation and has an excellent anti-inflammatory 

effect. 
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4.2.12 Intracellular trafficking of Cy5.5-labeled CeO2-cube in BV2 cell 

We synthesized cy5.5-labelled CeO2-cube and explored its intracellular trafficking 

by confocal experiment. First of all, BV2 cells were co-stained with the unique 

fluorescent tracers Lysotracker (green signal) and Hoechst 33342 (blue signal). Figure 

4.2.12 shows that cy5.5-labelled CeO2-cube (red fluorescence) started to enter the 

lysosomes of BV2 cells after 1 hour later. Over time, after 2 hours of incubation, the 

green fluorescence of the Lysotracker gradually coincided with the red fluorescence, 

and there was more overlapping fluorescence (orange) at 4 hours. These images suggest 

cy5.5-labelled CeO2-cube may be internalized in BV2 cells via lysosome-mediated 

endocytosis. 
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catalase for NO synthesis and is only induced and activated for expression in microglia 

under pathological conditions (Benavides et al., 2013). iNOS expression levels are 

elevated, inducing sustained production of large amounts of NO in endothelial cells. 

Excess NO combines with superoxide anions to produce peroxynitrite anions. It causes 

oxidative stress and results in neuronal damage (Gliozzi et al., 2019). In addition, MCP-

1 (a.k.a. CC motif ligand 2 or CCL2), is a member of the CC group in the chemokine 

family, which can disrupt the blood-brain barrier and in vitro chemotactic monocytes, 

memory T lymphocytes, natural killer cells and microglia to the site of injury. In the 

CNS, MCP-1 is mainly expressed in microglia, astrocytes and neurons and is 

considered a key chemokine involved in neuroinflammation (Deshmane, Kremlev, 

Amini & Sawaya, 2009). CeO2 is a nanomaterial with unique properties like the small 

size and surface effects. It is widely used in the biological field and has recently been 

used to treat neuroinflammation in new ways. However, applications in the 

neurological field have yet to be developed and are therefore of great interest. 

LPS is a tool drug commonly used to activate microglia and can induce hyper 

phagocytosis of cells. This experiment used LPS to generate BV2 cells to establish an 

in vitro model of cellular inflammation, resulting in oxidative stress and ROS 

generation (Nam et al., 2018). The anti-inflammatory effects of CeO2 and mechanisms 

were observed at the cellular level. In the present study, under LPS stimulation, BV-2 

cells showed larger cytostomes, more and shorter branches of individual cells, and most 

of them showed an amoeboid shape after activation, which is consistent with the 

morphology reported in the literature (Feng, Huang & Jia, 2019; Nam et al., 2018). 
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axis. On the other hand, the laser light with the scattering angel of 90° to the laser beam 

axis is referred to as side-scattered (SS) light. It is known that the intensities of FS and 

SS are proportional to the size and granularity of the cell, respectively. When 

nanoparticles are internalized by the cell, the intensity of SS increases while the passion 

of FS remains unchanged. Therefore, measuring the intensity of SS is an accurate 

measure to quantify the absorption/internalization of nanoparticles. Our results indicate 

that this suggests that the three CeO2 nanoparticles can be endocytosed by cells and 

suggest that they may be involved in the biological response of cells. Thus, the FCM 

results also further indicate that the nanoparticles can enter and be engulfed by cells 

and have a catalytic role in the breakdown of free radicals due to the high active sites 

on the surface of the material (Kim et al., 2012). 

Based on the above findings, we further explored the mechanism of CeO2 

resistance to LPS-induced inflammatory responses. In the CNS, various inflammatory 

factors as well as NO can regulate the physiological activity of microglia and neurons 

via complicated intracellular signal pathways. The phosphatidylinositol-3-kinase (PI3K) 

family is an enzyme family that catalyzes the phosphorylation of phosphatidylinositol 

at the three positions. It can produce inositol lipids with a second messenger function 

(Rameh & Cantley, 1999; Saponaro et al., 2012). The kinases of inositol lipids regulate 

the proliferation, differentiation, translocation and apoptosis of many cells. PK3K/AKT 

is critical in LPS-induced inflammation through its specific receptors. It is one of the 

essential signal pathways in microglia ( Saponaro et al., 2012). PIIIK can affect the 

expression of iNOS proteins, and further activation of macrophages by LPS can 
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increase PIIIK activity. Moreover, the PIIIK inhibitors can upregulate iNOS (Cianciulli 

et al., 2016). Our research has shown that CeO2 inhibits phosphorylation of the proteins 

PI3K and AKT, thereby suppressing microglia-mediated neuroinflammation. 

Lysosome-mediated endocytosis is a crucial pathway for nanomaterials to enter 

cells (Chan et al., 2018). In a previous study, we found that CeO2-cube had better anti-

inflammatory effects and intended to select cube for endocytosis studies. We examined 

the localization in cy5.5-CeO2-cube in BV2 cells by fluorescence imaging. BV2 cells 

phagocytosed CeO2-cube via lysosomes, allowing CeO2 to enter the cells. This result 

coincided with the FCM results, so that CeO2-cube may have the same anti-

inflammatory effect in inflamed animals. 

In summary, CeO2 resist microglial over-activation, which provides theoretical 

evidence for future in vivo investigation. Our findings demonstrate a new for further 

neurological damage following CNS injury and focus on brain protection therapy. 
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CHAPTER 5 Construction of Ce3+ buffer zone on well-defined CeO2 surface as 

highly effective catalase mimetics against Parkinson's disease 

 

5.1 Introduction 

Parkinson's disease (PD) is a chronic neurological and irreversible disorder. This 

disease affects the rest of a patient's life. An important pathological feature of PD is 

that the patient's neural cells are suffered from the abnormally high level of oxidative 

stress (OS) induced by excess reactive oxygen species (ROS), such as O2
·- and H2O2 

(Guan, Y. et al., 2016). Recently, "nano catalytic medicine", a catalytic reaction-based 

medicine, has been raised combining catalysis and therapy against disease at nano level 

(Yang, B., Chen, Y., & Shi, J., 2019). To protect the neural cells from ROS-related 

oxidative stress, serval nano catalytic medicines employ transition-metal oxides for the 

catalytic scavenging of ROS in PD, such as V2O5, Cu2-xO and CeO2 (Guan, Y. et al., 

2016; Vernekar, A. A. et al., 2014 ). Taking CeO2 as an example is reported in 2006 

that CeO2 can increase neural lifespan (Xu, C., & Qu, X., 2014). In later studies, CeO2 

exhibits catalytic activity like superoxide dismutase (SOD) and catalase (CAT) in 

scavenging ROS, which is due to the reversible switch between Ce3+ and Ce4+
 on its 

surface (Heckert, E. G. et al., 2008; Pirmohamed, T. et al., 2010). Combing these two 

properties, nano catalysis medicines are developed using CeO2 as a ROS scavenger to 

eliminate oxidative stress and increase neural cell viability in PD (Guan, Y. et al., 2016). 

However, despite its ability to scavenge, CeO2 was reported to induce ROS and 

oxidative stress in various cell lines, including primary cells and tumour tissues (Xu, 
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C., & Qu, X., 2014). Several experimental conditions have been investigated notify the 

key critical to affecting the elimination of ROS by CeO2, such as pH, buffer effect and 

surface coating. However, these studies emphasize the external factors instead of the 

nature of pristine CeO2 surfaces, such as surface chemical state and atomic arrangement.  

Does CeO2 increase or decrease ROS? What is the origin behind the catalytic 

scavenging ROS by CeO2? These are the fundamental of CeO2-based nano catalyst 

medicine for PD. Before answering these questions, it would be hazardous to employ 

CeO2 to scavenge ROS and reduce oxidative stress in PD. If CeO2 is inappropriately 

employed in PD, CeO2 may increase the ROS level and aggravate the oxidative damage 

of the patient's neural cell. From our perspective, the critical solution to the above 

questions is understanding the catalysis that occurs on the surface of CeO2, which is the 

catalytic reduction of ROS. The redox reaction is known to appear at the electrons of 

the active site, whose electron density will exert a far-reaching impact on the response. 

For example, O2
·- and H2O2 are reduced by the active site on CeO2, the surface Ce atom, 

to finally form H2O and O2. Since the catalytic reduction occurs at the surface Ce atom, 

its local electron density determines the ability of catalytic scavenging ROS and thus 

antioxidant property in PD therapy. Therefore, the local electron density of the surface 

Ce is the critical internal factor for its antioxidant property, and the higher electron 

density is believed to facilitate ROS elimination. To this end, the electron density of 

surface Ce is regulated by preparing CeO2 with different exposed facets to achieve 

different antioxidant properties. Later, the PD model tests the ROS scavenging ability 

of different CeO2 surfaces. Our work, for the first time, explains the antioxidant 
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5.2.5 Effect of different shapes of CeO2 on 6-OHDA caused oxidative stress in N27 

cells 

MDA and GSH levels are important indicators of cellular oxidative stress. 

Compared with the control group, the MDA concentration was significantly higher in 

the model group (Figure 5.5 A, P < 0.01). Moreover, the intracellular antioxidant 

compounds, GSH, was significantly decreased after incubation with 6-OHDA (Figure 

5.5 B, P < 0.001). However, co-incubation with CeO2 cube significantly reduced ROS 

levels, decreased MDA content, and considerably increased the amount of GSH. It was 

suggested that the CeO2 cube significantly improved 6-OHDA-induced oxidative stress 

in N27 cells. 
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5.2.6 Flow cytometry (FCM) probes endocytosis of CeO2 on N27 cells 

We used FCM to probe the uptake of nanoparticles by N27 cells after 24 h. FS in 

FCM indicates a correlation between intensity and cell size. A strong FSC leads to giant 

cells, while a weak FSC leads to small cells. SS is related to the refractive index of the 

cell membrane, cytoplasm and nuclear membrane, as well as the size of the intracellular 

particles. Thus, homogeneous cells with the same FS, and the intensity of the SS reflect 

the nature of the delicate structures and particles within the cell. It can reflect cellular 

phagocytosis. In Figure 5.6 A & B, N27 cells do not have the same ability to 

phagocytose CeO2. CeO2 cube and octahedron are taken up by the cells in similar 

amounts. On the other hand, the cellular uptake of rod is identical to sphere and 

commercial in the most incredible amounts. This suggests that N27 cells can 

endocytose different shapes of CeO2 and may affect the cells. 
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5.2.8 ICP-OES detection of CeO2 cube in the brain of mice 

Inductively coupled plasma (ICP) is the primary light source for atomic emission 

spectroscopy and mass spectrometry. A multi-element analysis system is formed by 

installing several detection units (one for each element) around the ICP as the centre. 

The ICP-OES allows the quantitative analysis of factors by accepting different 

wavelengths of emission spectra. We have used the ICP-OES method to measure the 

amount of CeO2 cube in the brains of mice. We give CeO2 cubes to mice by ip, iv and 

op method. Then we prepare assays from the brains of the mice. We found that the Ce 

element could be detected in the brains of mice by all three methods. Moreover, the 

amount of CeO2 cubes contained by the ip and iv methods was slightly more than the 

op method. Ip was the method that detected the most Ce in the brain. 
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5.2.10 CeO2-cube improved open-field behaviour test in PD model mice 

The open-field test is a commonly used behavioural test for rats and mice to detect 

loco-motor activity and exploratory behaviour. It evaluates the animal's autonomy, 

exploratory, and tension in a novel environment. 

The experimental chamber used for the open field test is a 500 x 500 x 300 mm 

open field with black perimeter walls, and the bottom surface of the open field is 

divided equally into 16 small 4 x 4 squares. A camera is installed directly above, 

covering the entire area. The animals are located in the central region and are 

simultaneously videoed and timed for 30 minutes. A computerized tracer analysis 

system analyzes the activity of the animals over a period of time. The laboratory should 

be kept quiet at a room temperature of around 20 °C and well-lit during the test. 

As shown in Figure 5.11, compared with the control group, the total activity 

distance of the PD-mice decreased in the open field with less track (P < 0.01). And its 

activity distance into the central zone was reduced (P < 0.05), which indicates that the 

activity ability of the mice in the model group had motor behavioural deficits. 

Compared with the model group, the CeO2-cube group improved massively the total 

distance of activity in the open field and the space in the central and the periphery 

activity with more track (P < 0.05), which was consistent with the rotarod experiment, 

indicating that the CeO2-cube had improved the motor symptoms of PD mice. 

 

 

 
















































































