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Administering CeO2 nanoparticles into cell cultures was found to improve cell culture’s 

viability both in vitro and in vivo.  In this dissertation, an in vitro study conducted in our 

laboratory has observed the reduction of endogenous free radical concentration in CeO2 treated 

cell cultures.  Furthermore, it is found that CeO2 nanoparticles scavenge free radicals through 

catalysis.  Based on the findings, a series of CeO2-based nanocrystallites of greater catalytic 

activities was developed, aiming to achieve the same therapeutic efficacy to cell cultures with 

lower nanoparticle doses. 

In this dissertation, zirconium-doped CeO2 (CexZr1-xO2) nanoparticles were synthesized 

and characterized.  Their free radical scavenging activities were tested against harmful 

endogenous oxygen species, including hydrogen peroxide and superoxide radicals.  It is found 

that the scavenging activity of CexZr1-xO2 nanoparticles was promoted up to four times when 

scavenging hydrogen peroxide.  The scavenging activity of CexZr1-xO2 nanoparticles was 

promoted up to nine times when scavenging superoxide radicals.  Importantly, their free radical 

scavenging activities to hydrogen peroxide correlate to the reported oxygen vacancy 

concentrations in the same materials.  Their free radical scavenging activities to superoxide 
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radicals correlate to the reported reducibility in the same materials.  The results suggest that 

oxygen vacancies, lattice oxygen, electrons, and holes are involved in free radical scavenging. 

In addition, it is found that CexZr1-xO2 nanoparticles regulate antioxidant protein’s redox 

states upon catalysis.  This might be a distinct antioxidant defense pathway that reactivates 

antioxidant protein’s function, and to explain the superior protection of CeO2 nanoparticles. 



 

CHAPTER 1 
INTRODUCTION 

In the last decade, many disorders and diseases in mammalians were found to correlate 

with the damages caused by endogenous oxidative stress [1,2].  The oxidative stress in living 

system is a result of accumulating free radicals, where lipids, proteins, DNA, and other 

molecules receive or donate mobile electrons from free radicals [1,3].  The long-term 

accumulative damages caused by free radicals finally cause mutation of cells or apoptosis 

(programmed cell death) [1,4].  The damages further contribute to tissue injury or dysfunction, 

and finally progress to human disorders.  For example, (1) neurodegenerative diseases including 

Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s disease (Juvenile HD) 

[1,5,6,7]; (2) certain cardiovascular diseases including strokes, heart attacks, ischemia, and 

atherosclerosis [1,8,9]; (3) genetic and metabolic diseases including Down’s syndrome and 

diabetes [1,10,11]; (4) cancers including liver, prostate, lung, breast, and many other cancers 

[1,12]; (5) symptoms of aging including osteoporosis [1], were found to be the result of 

overproduced endogenous free radicals.  Meanwhile, the excess amounts of free radicals were 

also a consequence of some human disorders, such as inflammatory disorders [1,13], allergies 

[1,14], and infectious diseases including pneumonia [1,15] and HIV [1].  Therefore, the research 

on the role of free radicals in pathophysiologic processes and the potential therapies to oxidative 

stress related disorders are drawing more and more attention over time. 

Mammalian cells fight against detrimental free radicals through antioxidant defense 

systems by scavenging the redundant oxidative stress.  Scientists have demonstrated that 

administrating effective means of free radical scavengers protects biological systems from 

oxidative damage of lipids, proteins, DNA, and other molecules [1,16,17].  The protection in cell 

cultures can prevent apoptosis, mutation, and enhance the viability of cell cultures [1,18].  In 
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living animals, the therapeutic efficacy has been demonstrated to inhibit the symptoms of AD, 

PD [1,19], diabetes [1], cancers [1,20], other diseases, and even prolong laboratory animal’s 

lifespan [21,22,23,24]. 

The antioxidants or free radical scavengers that carry out antioxidant defenses in 

mammalians are listed in the following [1]. 

• Enzymes that catalytically remove free radicals, such as superoxide dismutase (SOD), 
glutathione peroxidase (GPx), catalase (CAT), and other peroxidase enzymes. 

• Enzymes that catalytically synthesize compounds that can remove free radicals, such as 
heme oxygenase (HO). 

• Compounds that physically quench free radicals, such as carotenoids. 

• Compounds that act as sacrificial agents to protect more valuable biomolecules, such as 
cytochrome c (cyt c), ascorbic acid (vitamin C), α-tocopherol (vitamin E), glutathione 
(GSH). 

• Enzymes that catalytically recover the sacrificed compounds back into the original state, 
such as cytochrome c oxidase (COX). 

• Proteins that protect molecules against damage caused by other mechanisms, such as 
chaperones. 

• Compounds, proteins, or enzymes that regulate redox states of mitochondria, such as GSH 
and protein bcl-2. 

The free radical scavenging cooperates with complicated chemical and catalytic reactions.  

Usually the scavenging processes carried out through redox reactions of a compound/agent, and 

the particular compound/agent is activated by the second or more agents.  The sequent reactions 

cascade reactive free radicals and are terminated with the formation of stable species, such as 

oxygen, water, nitric oxides, and carbon dioxide.  However, the scavenging mechanisms in vivo 

are even more complicated, and many of them remain mystical even after years of research in 

this field. 
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However, the protection from free radical scavengers is not 100% effective.  The 

protection from free radical scavengers is restricted by their turnover numbers, the uptake rates, 

and their distributions in vivo.  In general, high doses, routine administration of antioxidants are 

inevitable to achieve effective means to living animals.  The demands for effective free radical 

scavengers are soaring since more and more human diseases, including aging, were found to 

connect to oxidative stress.  A broad variety of free radical scavengers have been explored, 

synthesized, and tested in order to achieve the therapeutic intervention to living systems.  More 

effective, lipophilic, and even organelle-targeting antioxidants have been developed in order to 

satisfy the needs of life sciences. 

Most free radical scavengers used for therapy are organic compounds or chelations with 

transition metal ions.  However, a new platform has been demonstrated to perform similar 

antioxidant protection to biological systems.  CeO2 nanoparticles were accidently found to 

improve brain cell culture’s viability and organism longevity up to six fold [25,26].  Although 

how these ceramic nanoparticles improve cell’s viability remains controversial, we found that 

CeO2 nanoparticles reduce endogenous free radical concentrations in cells and may protect cells 

as free radical scavengers [27].  Indeed, recent studies, including works published by our group 

[27], have demonstrated that CeO2 nanoparticles are able to scavenge hydroxyl radicals [28], 

superoxide radicals [29], and peroxides in the absence of cell cultures. 

1.1 Motivation 

The motivation of this dissertation was originally to improve the transplanted islet’s 

viability, in order to increase the off-insulin time when using transplanted islets to treat patients 

with type 1 diabetes.  Type 1 diabetes is an autoimmune disorder, in which the body's own 

immune system attacks the beta cells in the pancreas, the damage causes islets to shut down 

insulin production.  This fatal disorder causes blindness, kidney and heart failure, limb 

17 



 

amputation, and other diseases associated complications [30].  Recently, pancreatic islet cell 

transplantation has been proposed as an ideal treatment to type 1 diabetes; however, damages 

caused by mechanical trauma and anti-rejection drugs dramatically decrease the amounts of 

preserved islets [31,32,33].  Thus, one of the major challenges is to increase the preserved islets 

mass during isolation and post transplantation [34,35].  To improve the preservation, using CeO2 

nanoparticles to improve transplanted islet’s viability was proposed. 

The motivations of this dissertation are as follow. 

• To improve preservation of transplanted islets using CeO2 nanoparticles. 

• To identify the mechanism of beneficial efficacy that carried out by CeO2 nanoparticles. 

• To develop a new platform according to the concept in materials science.  Aim to achieve 
the same therapeutic efficacy to biological systems by lowering the applied nanoparticle 
dosages. 

1.2 Objectives 

CeO2 is an excellent catalyst that carries out non-selective catalytic reactions through 

exchange of electrons, holes, lattice oxygen, and oxygen ions.  In many discussions related to its 

surface chemistry, it has been demonstrated that ROS, such as superoxide, peroxide, singlet 

oxygen ions, act as intermediates and are involved in the catalytic reactions [36].  Interestingly, 

viability enhancement of cell cultures has been broadly achieved by using ROS scavengers.  

Therefore, the key hypothesis in this dissertation relies on the fact that CeO2 is a remarkable 

catalyst and it may act as ROS scavengers in the viability enhancement.  With the hypothesis 

aforementioned, there are several objectives in this dissertation. 

• Test free radical concentrations in CeO2 nanoparticles treated cells, and the relationship 
between free radical concentrations and cellular viability. 

• Understand free radical chemistry in between biology/nanoparticles interfaces. 

• Identify distinct antioxidant defenses performed by CeO2 nanoparticles beyond current 
knowledge. 
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• Promote the beneficial efficacy of CeO2 nanoparticles. 

• Achieve the same benefits to biological systems with lower dosages of CeO2-based 
nanoparticles. 

1.3 Specific Aims and Expected Outcomes 

To achieve the objectives, it is necessary to develop a series of nanoparticles that exhibits 

greater ROS scavenging activities.  According to the aforementioned hypothesis, ROS 

scavenging properties of CeO2 nanoparticles are a consequence of catalysis and the properties 

could be promoted by increasing oxygen vacancies in the materials.  Here, it is proposed to dope 

zirconium into CeO2 nanoparticles in order to promoting CeO2 nanoparticle’s ROS scavenging 

activities.   There are two reasons choosing zirconium as dopants.  First, the oxidation form of 

zirconium, zirconia (ZrO2), is a very biocompatible material, and it has been broadly used as 

biomaterials, such as dental materials.  Second, zirconium doped CeO2 (CexZr1-xO2) materials 

have been used to improve the catalytic activity carried out by CeO2.  With zirconium ions 

substituting cerium ions in the lattice, it is found that CexZr1-xO2 has four times more oxygen 

vacancies than CeO2.  The catalytic activities of CexZr1-xO2 correlated with the amount of oxygen 

vacancies, so it can be expected to improve up to four times compared to CeO2. 

The activities of these CexZr1-xO2 nanoparticles will be tested in response to crucial free radicals 

in biological systems, and their activities will be compared with the enzymes that specifically 

scavenge these popular free radicals.  The free radical scavenging activity will be evaluated 

using biochemical assays that have long been used to test enzyme activities. 

There are several specific aims in this dissertation. 

• Synthesize CeO2 nanoparticles, and test their beneficial efficacy to βTC-tet cells, including 
free radical concentrations in the treated cultures. 

• Synthesize CexZr1-xO2 nanoparticles with monodispersed particle diameters, where x = 0-
1.0. 
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• Characterize CexZr1-xO2 nanoparticles’ structures, and demonstrate the zirconium dopants 
incorporated in the CeO2 lattice, and form a solid solution. 

• Evaluate the scavenging activities of the synthesized nanoparticles in response to free 
radicals that are influential in living systems, i.e. superoxide radicals ( −•

2O ) and peroxide 
( −2O ), and compare their activities in respect to particular enzymes that scavenge 
superoxide radicals and peroxide, i.e. enzyme SOD and CAT. 

2

To attain the objectives of this dissertation, CexZr1-xO2 nanoparticles will be prepared using 

reverse micelle synthesis.  The structures of the synthesized nanoparticles will be investigated 

using transmission electron microscopy (TEM), x-ray diffraction (XRD), and Raman 

spectroscopy.  The scavenging activities of CexZr1-xO2 nanoparticles will be evaluated with 

commercial assays based on biochemical reactions.  The following results are expected in this 

dissertation. 

• Free radical concentrations inhibited in the CeO2 nanoparticle treated cultures. 

• CexZr1-xO2 nanoparticles with narrow particle size distribution and with diameters of 3-7 
nm, whereas x = 0, 0.2, 0.4, 0.6, 0.7, 0.8, 1.0.  The synthesized CexZr1-xO2 nanoparticles 
are solid solutions with defined structures. 

• CexZr1-xO2 nanoparticles exhibit greater free radical scavenging activity in response to 
superoxide radicals and peroxide.  Their scavenging activities vary with different amounts 
of zirconium doping. 

• The free radical scavenging activities of CexZr1-xO2 nanoparticles correlate to the 
concentration of oxygen vacancy in their lattice.  Free radical scavenging activities of 
CexZr1-xO2 nanoparticles could be improved up to four times in in CexZr1-xO2 nanoparticles 
with 20-40 % zirconium dopants. 

In general, this dissertation covers the synthesis, characterization of nanoparticles, and 

investigations to the free radical chemistry in between bio/nano interfaces.  The focus of this 

dissertation is especially on the investigations of free radical chemistry in between bio/nano 

interfaces, which is accomplished by testing the free radical scavenging activity of vacancy 

engineered nanoparticles.  After all, the contribution in this dissertation gives a comprehensive 

understanding to, first, the therapeutic efficacy of CeO2 nanoparticles in biological systems; 
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second, the mechanism of free radical scavenging by CeO2-based nanoparticles.  Based on the 

advancement in knowledge, this work may help preparing more effective free radical scavenging 

nanoparticles for biomedical applications.  In summary, we are aiming to achieve the same 

therapeutic efficacy to biological systems by treating lower nanoparticle dosages.



 

CHAPTER 2 
BACKGROUND 

In this chapter, the background of free radicals in biology and medicine will be introduced.  

After it, the antioxidant defense systems and alternative defense pathways that are used to protect 

biological systems from free radical’s attack will be introduced.  Finally, current research based 

on CeO2 nanoparticle’s therapeutic efficacy will be listed and described in detail.  Most 

importantly, the hypothetic mechanism to describe the benefits that CeO2 nanoparticles brought 

to biological systems as well as a model that can be used to improve CeO2 nanoparticle’s activity 

are also covered in this chapter. 

2.1 Free Radicals in Biology and Medicine 

2.1.1 Free Radical Theory of Aging 

Free radicals are species capable of independent existence that contain one or more 

unpaired electrons.  Because of the unpaired electrons, free radicals tend to be reactive and easily 

undergo chemistry with other molecules.  There are a broad variety of free radical species in 

living systems.  This occurs because electrons generated in the metabolic chain react with other 

molecules (such as oxygen, proteins, lipids, and DNA, RNA), forming free radicals.  The 

metabolic chain in mammalian cells for energy generation mostly occurs in mitochondria.  By 

consuming glucose and oxygen, mitochondria transfer nutrition into energy and yield as 

byproducts oxygen radicals (shown in Figure 2-1).  In mitochondria, electrons leaked out as 

failures occur in the electron transportation chain (shown in Figure 2-1 (a)).  The leaked 

electrons then react with oxygen or other species, forming oxygen radicals and other free 

radicals.  Therefore, more than 90% of free radicals are produced by mitochondria, and the 

oxidative damage usually initiated from mitochondria. 
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In biochemistry, the free radicals of interest are often referred to as reactive oxygen species 

(ROS), i.e. superoxide radicals ( ), peroxides ( ), and hydroxyl radicals ( ), because 

the most biologically significant free radicals are oxygen-centered.  ROS are involved in the cell 

growth, differentiation, progression, and death.  Low concentrations of ROS may be beneficial or 

even indispensable in processes such as intracellular signaling and defense against micro-

organisms.  However, high amounts of reactive ROS participate in cell cycles resulting in 

cumulative damages to lipids and cell DNA.  The expression of damages results in inflammation, 

cancers, age related diseases, and aging to mammalians.  In the last decades, Alzheimer’s, 

Parkinson’s diseases, diabetes, cardiovascular diseases, eye disease, cancers, obesity, aging, and 

many other diseases are found to relate to oxidative stresses caused by ROS [5,37,38].  However, 

not all free radicals are ROS and not all ROS are free radicals.  For example, the free radicals 

superoxide and hydroxyl radical are ROS, but the ROS hydrogen peroxide (H2O2) is not a free 

radical species, however the term free radicals usually refer to these compounds in biology. 

−•
2O −2
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The free-radical theory of aging is that organisms age because cells accumulate free radical 

damage with the passage of time.  The theory has some immediately attractive features, and is 

rational to explain human disorders and aging. 

• Free radicals are produced during metabolism, sometimes these free radicals are 
detrimental and sometimes are for useful purposes.  Once antioxidant defenses do not 
scavenge them completely, the ongoing oxidative damage to DNA, lipids, and proteins 
causes programmed cell death, cell mutation, or dysfunction of the cell. 

•  Production of free radicals can be envisaged as the consequence of genes selected because 
they confer benefits in early life.  For example, facilitating signal transduction in early 
stage, diminishes infectious agents. 

• The theory can explain the relation between metabolic rate, oxygen consumption and 
lifespan.  The more oxygen consumed forms higher level of free radicals, thus cause more 
oxidative damages or reduce lifespan in mammals.  However, higher metabolic rate does 
not cause shorter lifespan directly, since the activities of enzymes or proteins maybe 
greater so to reduce the damages by free radicals. 
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• Mitochondria are the energy plant in cells.  The electron transport chain involved in 
metabolism, however the leakage of electrons in the transportation generate free radicals.  
The leakage of electrons is related to aging of mitochondria or insufficient enzymes and 
proteins in the chain reaction. 

• The accumulation of free radicals causes lipid peroxidation and reduced proteins in 
mitochondria.  It results in the release of cytochrome c and further lead to cell programmed 
death. 

• Caloric restriction in mammals often decreases levels of oxidative damage to DNA, lipids, 
proteins, and attenuates age-related declines in repair systems. 

• Long lived species usually have better antioxidant protection in regulation to rates of 
oxygen uptake than shorter-lived species. 

In conclusion, free radicals cause oxidative damage to important molecules, further 

promote apoptosis or senescence that impair tissue renewal.  Free radicals also generate 

inappropriate cellular signaling, and contribute to age-related diseases. 

2.1.2 Modern Free Radical Theory in Biology 

After the free radical theory in biology was proposed, the influences of ROS have been 

controversial since some studies found partially promote ROS level may be beneficial to lifespan 

of mammals [1].  On one hand, ROS are detrimental to cells and tissues.  On the other hand, 

higher ROS level may stimulate enzyme activities and increase animal’s lifespan [1].  Above all, 

it was found the redox states of mitochondrial protein, cytochrome c, are also crucial in 

apoptosis.  It is because the reduced cytochrome c exhibits lower affinity to inner mitochondrial 

membrane.  Once the inner mitochondrial membranes are peroxidized, the reduced cytochrome c 

can be released to inner mitochondrial membrane space.  After all, the accumulated cytochrome 

c is released to cytoplasm and reacts with hydrogen peroxide, forming caspase proteins 

(precursors of apoptosis signaling).  As cytochrome c is released from the inner mitochondria 

membrane, electron transportation in metabolic chain becomes short, so more electrons can be 
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released from the transport chain.  This results in dramatic increases of free radical generation, 

and finally accelerates the progression of apoptosis (shown in Figure 2-1 (b)). 

Free radicals play extremely important roles in the cytochrome c releasing processes.  Free 

radicals cause lipid peroxidation in inner mitochondrial membranes; superoxide radicals reduce 

cytochrome c and peroxide oxidize cytochrome c before they were released to inner 

mitochondrial membrane space; peroxide oxidized the reduced cytochrome c in cytoplasm, 

forming caspase proteins.  Although the redox states of cytochrome c are crucial in apoptosis, it 

is not proper to discuss whether the reduced state or oxidized state of cytochrome c is beneficial 

to cells.  In conclusion, the oxidized cytochrome c is preferable in inner mitochondrial 

membrane, while the reduced cytochrome c can’t form caspase proteins when cytochrome c is 

released [40,41,42,43]. 

In the modern free radical theory in biology, free radicals are no longer always detrimental 

to cells and tissues, but often adequate oxidative stress maybe beneficial to mammals.  First of 

all, proper oxidative stress stimulates the generation of antioxidant enzymes, proteins, and assists 

to defend oxidative stress of detrimental levels.  Second, proper oxidative stress adjusts the redox 

states of cytochrome c in mitochondria, forming oxidized cytochrome c, which has higher 

affinity to bond to mitochondrial membrane.  Third, proper oxidative stress reduces cytochrome 

c when released, avoiding them from binding with other proteins to form caspase proteins.  

Instead of the cumulative damages caused by free radicals, the redox states of cytochrome c that 

altered by free radicals play a more influential role in modern free radical theory. 
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Figure 2-1.  Metabolism in a mitochondrion. A) electron transport chain.  B) modern free radical 
theory causing apoptosis.  Figures made according to [1,2,40,41,42,43]. 

 
2.2 Antioxidant Defense in Biology and Medicine 

2.2.1 Antioxidant Defense System 

It has been demonstrated that administering free radical scavengers into biological systems 

allows improving cell’s viability, cell’s survival rates, and mammal’s lifespan.  Some free radical 

scavengers benefit cultures through removing free radicals catalytically, some through quenching 

free radicals, some through regulating mitochondrial redox potential, and the others protect 

cultures through stimulating the generation of antioxidants.  They can be artificial or natural 

chemical compounds, proteins, or enzymes that execute electrochemical reactions with free 

radicals or regulate the redox states of mitochondria. 
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There have been broad categories of free radical scavengers reported.  In this section, 

several major free radical scavengers and their functions are listed in Table 2-1. 

 
Table 2-1. Genetic changes and the responded free radical scavengers that affect oxidative 

damage in living systems [1]. 

 

 
Many studies have shown that these disorders or diseases caused by oxidative stress could 

be soothed or inhibited by administering adequate amounts of free radical scavengers, such as 

the most discussed enzymes heme oxygenase-1 (HO-1), enzyme SOD and CAT, into laboratory 

animals.  Specifically, by exposing pancreatic tissues to SOD mimic compound, cell survival 

rates can be improved to three or four times comparing to untreated pancreas during isolation 

[44].  Such technical approach has been adopted in islet transplantation nowadays, in order to 

increase the preservation mass of transplanted islets.  In addition, exposing pancreatic tissues to 

HO-1 can improve islet’s function in vivo after transplantation [45].  Specifically, exposing SOD 

and CAT-mimic compounds to wild type worms, flies, fungi, can increase their mean lifespan by 
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44%, 30%, and 600%, respectively [22,23].  Specifically, transgenic mice with over-expressed 

CAT in mitochondria can live 20% longer than wild type mice [24].  Overall, introducing 

sufficient amounts of free radical scavengers into biological systems allows to elevate cell 

culture‘s viability and survival rates under stress in vitro.  Furthermore, in vivo studies show that 

the administration of free radical scavengers attenuates oxidative stress and inhibits the 

progression of disorders in animal models [13,19]. 

2.2.2 Alternative Antioxidant Defense Other Than Direct Free Radical Scavenging 

Most antioxidant defense pathways are to scavenge free radicals endogenously.  However, 

there are particular enzymes that actually are not scavengers, but to oxidize the reduced 

cytochrome c back into their functionalities in mitochondria.  Peroxidases, which are also 

antioxidant defense enzymes, use peroxides to oxidize another substrate.  This particular 

antioxidant defense pathway can be used to elucidate why the adequate amounts of hydrogen 

peroxide can benefit a biological system [1,46].  Furthermore, this antioxidant defense pathway 

also inhibits cytochrome c released through regulating its redox states, in which the peroxidase 

oxidize cytochrome c and so to create its bonding strength with inner mitochondrial membranes. 

Amongst the enzyme peroxidases, cytochrome c peroxidase and NADH oxidase are the 

most important enzymes in the mitochondrial inner membrane space [47].  In the mitochondrial 

electron transportation chain cytochrome c peroxidase plays as complex IV, and it takes 

electrons away from the reduced cytochrome c (see Figure 2-1(a)).  Lack of cytochrome c 

peroxidase, cytochrome c would be reduced by electrons and be released from mitochondria to 

trigger apoptosis [41,43].  The same protection is also true by enzyme NADH oxidase [37]. 

2.3 CeO2 in Catalysis, Biology, and Medicine 

CeO2 and other CeO2-related materials are excellent catalysts that carry out catalytic 

reactions through the exchanging the electrons, holes, lattice oxygen, and oxygen ions with 
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ligands.  Recently, CeO2 was found to protect cultures in the stressed circumstances, and has 

been proven to improve cell culture’s viability. 

In this section, the background of CeO2 will be introduced based on its catalytic properties.  

The hypothesis of free radical scavenging as well as the specific scenario related to catalysis of 

CeO2 will be discussed.  Following the discussion, the studies that used CeO2 nanoparticles to 

benefit biological systems will be introduced in details.  Finally the free radical scavenging 

mechanism that carried out by CeO2 will be discussed according to the knowledge learned in 

references and the understanding of free radical theory in biology. 

2.3.1 CeO2 as Catalysts 

Based on its extraordinary catalytic properties, CeO2 and its related materials have been 

widely applied for the use in various catalytic systems, such as three-way catalysts (catalytic 

converters), solid electrolytes in solid oxide fuel cells, gas sensors, catalysts in water-gas shift 

reaction, and as oxygen storage materials [48,49,50,51,52,53].  The versatility of CeO2 

nanoparticles relies upon its behavior of nonstoichiometric lattice oxygen.  In other words, the 

catalysis carried out by the concentration of mobile intrinsic defects, undoped CeO2, i.e. oxygen 

vacancies, dominates the designated chemical reactions occur via the exchange of oxygen 

species in the vicinity of CeO2 surfaces [36]. 

2.3.2 CeO2 Nanoparticles in Biomedical Applications 

The therapeutic efficacy of CeO2 nanoparticles was first discovered by Rzigalinski et al. 

[25,26].  In the incidence, the lifespan of CeO2 nanoparticles treated to neuron primary cells was 

found to be improved up to six fold.  Since then, the benefits of introducing CeO2 nanoparticles 

into biological systems were confirmed in other cell lines and tissues both in vitro [27,54,55,56] 

and in vivo [57,58].  Among all the studies including this dissertation, it was found that the 

intracellular free radical concentration of those treated cultures remained at ordinary level, even 
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though the cultures were under serious stress.  Thus, it is now convincing that CeO2 

nanoparticles are free radical scavengers, and protect cultures from apoptosis through antioxidant 

defense. 

The benefits of introducing CeO2 nanoparticles into biological systems were confirmed in 

different cultures and tissues both in vitro and in vivo*.  Specifically, the introduction of CeO2 

nanoparticles with size smaller than 20 nm into primary cultures [25,26], HT22 rodent neuronal 

cells [55], or into CRL8798 breast epithelial cells [56], led to improved cellular survival with 

survival rates approaching three to four times higher than control cells, when exposed to stressed 

environments.  The efficacy of CeO2 nanoparticles to scavenge reactive oxygen species has also 

been demonstrated in vivo.  Specifically, in studies involving peroxide induced retinal 

degradation, delivery of CeO2 nanoparticles directly into the vitreous of the mouse eye prevented 

against vision loss by protecting the retina from intracellular peroxides [58].  Another study 

investigating spinal cord repair demonstrated that the administration of a single dose of CeO2 

nanoparticles provided significant neuron-protection to adult rat spinal cord neurons [54].  

Finally, intravenous administration of CeO2 nanoparticles protected MCP-mice (monocyte 

chemoattractant protein (MCP)-1 transgenic mice) against the progression of cardiac dysfunction 

by attenuating myocardial oxidative stress, endoplasmic reticulum (ER) stress, and inflammatory 

processes [57]. 

In these studies and the results that obtained in our works, the benefits of administrating 

CeO2 nanoparticles are consistent with the reduced oxidative stress in cell cultures.  The 

reduction of oxidative stress supports the hypothesis that CeO2 nanoparticles protect cultures by 
                                                 
* The dosages of CeO2 nanoparticles used in the references are different from the molar concentrations that used in 
the following experiments.  The concentrations used in the references are based on the assumption of 1,500 cerium 
atoms in a single CeO2 nanoparticle, so the molecular weight of the particular CeO2 nanoparticle is estimated as 
172.12 X 1,500 = 258,180 g/mole.  The molar concentration used in our studies are based on ionic concentration of 
CeO2, where the molecular weight is 172.12 g/mole. 
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scavenging excess amounts of intracellular free radicals.  Although the researches that studying 

free radical scavenging properties of CeO2 is absent, it has long been demonstrated that oxygen 

radicals act as intermediates in the catalysis carried out by CeO2. 

2.3.3 Free Radicals in CeO2 

The mechanisms of free radical scavenging afforded by CeO2 nanoparticles have been 

investigated in a variety of non-biological systems including fuel cells [59], catalytic converters 

[36,60], and gas sensors [6].  The applications of CeO2 nanoparticles rely on the properties to 

exchange their lattice oxygen ions, electrons, holes, with reagent molecules.  In the exchange 

processes, CeO2 provides electrons to the reagent molecules, forming bonds in its vicinity, and 

finally react with second reagent molecules or lattice oxygen to generate the designated products.  

For example, in the oxygen storage process, oxygen molecules first adsorb on CeO2 surface, 

transform into superoxide radicals ( ), peroxide ( ), then oxygen ions ( , ), and 

finally migrate into oxygen vacancies ( ) in the lattice [60,62,63].  The oxygen ions captured 

in CeO2 lattice or the lattice oxygen in CeO2 can be released, forming gaseous oxygen or 

becoming involved in other chemical reactions.  The widely accepted mechanism to explain the 

surface oxygen exchange on CeO2 nanoparticles is shown in Equation (2-1).  Based on these and 

other efforts it is now believed that oxygen exchange on CeO2 surface is triggered by the 

adsorption of oxygen molecules, followed by a transformation into superoxide radicals and 

peroxides, dissociation into oxygen ions, and finally migration into oxygen vacancies in the 

lattice.  Such reaction has been observed at room temperature [64].  Using spectroscopic 

techniques, superoxide and peroxide radicals have been identified as intermediates of surface 

oxygen exchange on ceria surface, and the exchange of environmental oxygen and lattice oxygen 

has been observed at room temperature [62,64].  In addition, using atomic force microscopy and 
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scanning tunneling microscopy, both Namai et al. [65] and Esch et al. [63] have observed the 

migration of oxygen species into CeO2’s surface oxygen vacancies at room temperature, with the 

mobility of oxygen species promoted as temperature increases.  The widely accepted formula of 

oxygen exchange on CeO2 surface is as follows: 

−−−− →→→→→ 22
)(2)(2)(2)(2 22 latticeadsadsadsadsg OOOOOO       (2-1) 

Free radicals are involved in chemical reactions catalyzed by CeO2 and oxygen deficient 

materials.  For example, superoxide radicals on CeO2 behave as active oxygen species in CO 

oxidation; N2O, NO2, and NO- radicals are detected on CeO2 in NO reduction; hydroxyl radicals  

 on CeO2 are found to participate in the water-gas shift reaction; and peroxide species on 

CeO2 are found to oxidize hydrocarbon species CH4, C2H4, C3H6 even at room temperature.  In 

general, it has been demonstrated that active free radicals adsorbed on CeO2 surface behave as 

triggers in various chemical reactions, and as a measure of active free radicals determined by the 

oxygen vacancy concentration in the lattice [66,67]. 

•OH

2.3.4 Hypothesis of CeO2 Nanoparticles in Free Radical Scavenging 

Although the exact process by which CeO2 nanoparticles scavenge free radicals in 

biological systems is not known, one could hypothesize that it resembles the mechanism 

observed in non-biological systems.  The ROS generated in biological systems are reactive.  

When CeO2 nanoparticles are close to ROS, the electrons of free radicals may form bonds with 

mobile electronic carriers that provided by oxygen vacancies.  These oxygen species then 

dissociated into oxygen ions and finally diffuse into the lattice.  The total reaction becomes the 

exchange of environmental oxygen species and lattice oxygen.    Thus, we hypothesize that 

intracellular free radicals, such as superoxide radicals and peroxides would act as intermediates 

in surface oxygen exchange.  These oxygen species finally migrate into oxygen vacancies in 
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CeO2 nanoparticles, and lattice oxygen may be emitted to form oxygen molecules in biological 

systems.  The hypothesis that describes oxygen radical scavenging by CeO2 nanoparticles is 

illustrated in Figure 2-2. 

 

 

Figure 2-2.  Hypothetic mechanism of free radical scavenging in the vicinity of CeO2 surface.  
Oxygen vacancies (Vo

..) provide sites for adsorption of superoxide radicals (O2
.-) and 

peroxides (O2
2-).  These metastable vacancies also thermally activate the transition of 

radicals into oxygen ions and migration into CeO2 lattice. 

 
2.3.5 Promote Catalytic Activity by Doping Zirconium into CeO2 

The catalytic properties of CeO2 nanoparticles can be improved according to three 

principles.  It can be improved intrinsically through exciting the electrons and holes through 

band gap.  It can be improved extrinsically through adding impurities in the lattice.  Or, it can be 

improved stoichiometrically by increasing the oxygen vacancy concentration in the lattice.  In 

general, the catalytic properties of CeO2 can be improved by doping a broad variety of elements.  

In this dissertation, doping zirconium into CeO2 is selected to achieve the improvement [36]. 

CeO2 has a face-centered cubic unit cell with space group Fm3m.  In this structure, each 

cerium cation coordinates eight equivalent nearest-neighbor oxygen anions at each corner of the 

cube, and each anion tetrahedrally coordinates four cations [36].  Both ZrO2 and CeO2 have 

cubic fluorite structures.  Mixing the two materials in solid solutions will form a pyrochlore 
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structure (shown in Figure 2-3).  The defect-rich pyrochlore structure is the result of misfit of 

zirconium and cerium ionic radii (0.084 nm and 0.097 nm, respectively) in the structure.  In 

addition, the relatively stable quadricvalent zirconium cations sit on trivalent/quadrivalent 

cerium sites leading to the formation of extra oxygen vacancies in the solid solution, thus 

decreasing coordination numbers, and expanding their lattice parameters.  Several studies have 

found that the concentration of trivalent cerium ions in CexZr1-xO2 solid solutions is promoted as 

more quadricvalent zirconium doping in the lattice [68,69,70].  As the results, the improved 

catalytic properties in zirconium doped CeO2 are contributed nonstoichiometrically (i.e. via 

increasing oxygen vacancies) and extrinsically (i.e. via other defects).  Utilizing this concept, the 

concentration of charge carriers in CexZr1-xO2 solid solutions is promoted and so their catalytic 

activities are improved. 

 

 

Figure 2-3. Schematic diagrams showing cubic fluorite (left) and pyrochlore (right) structures for 
CeO2/ZrO2 and CexZr1-xO2, respectively.  Figures made according to [36]. 
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The catalytic activities of CexZr1-xO2 nanoparticles are usually evaluated by measuring 

their oxygen storage capacity (OSC).  OSC represents a measure of the oxygen vacancy 

concentration in metal oxides, and directly correlates to a catalyst’s performance, such as in 

catalytic converters, catalytic combustions, water-gas shift reactions, and oxygen storage 

materials.  It has been demonstrated that CexZr1-xO2 nanoparticles exhibit up to four times higher 

OSC when 20-40% of cerium ions in the solid solutions were substituted by zirconium ions at 

low (400�) and high temperatures (1000�) [71,72].  As aforementioned, it is hypothesized that 

oxygen vacancies mediates free radical scavenging by CexZr1-xO2 nanoparticles.  Therefore, 

preparing CexZr1-xO2 nanoparticles of variant amounts of lattice oxygen vacancy and test their 

activities against free radicals may provide clues to examine the hypothesis that free radical 

scavenging is mediated by lattice oxygen vacancies. 

2.3.6 Introduction of CexZr1-xO2 

CexZr1-xO2 undergoes three major phase transformations at ambient temperature with 

elevated zirconium concentrations (shown in Figure 2-4) [73,74].  At ambient temperature, 

CexZr1-xO2 sustained in cubic fluorite structure (c) when 0 – 15% of zirconium containing in the 

crystal structure.  The cubic fluorite phase undergoes to two metastable phases, t" and t', and then 

to tetragonal structure (t) in the intermediate zirconium containing range (15 – 90 %).  The t' 

phase is a phase through a diffusionless transition from t phase, and the t" phase is a intermediate 

phase between t' and c phases.  The t" phase shows no tetragonality of the sublattice and it 

exhibits an oxygen displacement from ideal cubic fluorite sites, so t" phase is usually referred to 

as a cubic phase.  Finally, at higher than 90 % of zirconium containing, CexZr1-xO2 undergoes to 

monoclinic or the mixture of tetragonal and monoclinic (m) structures at ambient 

temperature.  Table 2-2 shows the classification of phases in CexZr1-xO2 with elevated zirconium 

concentration in the lattice. 
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Figure 2-4.  Phase diagram of the CeO2-ZrO2 binary system [73]. 

 
Table 2-2.  Classification of the phases in the CeO2-ZrO2 binary system [36]. 

 

 
The phase transformation of CexZr1-xO2, however, could be dependent on different 

synthesis methods, particle size, or tempering procedures.  For instance, the phase transformation 

was found to postpone to higher zirconium containing range while the particle size was 

engineered as small as 10 nm (shown in Figure 2-5) [75].  Specifically, the targeted particle size 
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in this study is smaller than 10 nm, therefore the phase transformation could be expected in the 

nanoparticles containing higher zirconium, when prepared in reverse micelle synthesis. 

The phase transformation of CexZr1-xO2 can be distinguished by using XRD and Raman 

spectroscopy.  Using XRD, the transition from cubic to tetragonal phase can be identified by the 

tetragonal features next to XRD peak (220).  On the other hand, the transition of sub-structures, 

i.e. c, t", and t' phases, can be identified using Raman spectroscopy due to the phonon excitation 

which is induced by the symmetry of lattice structures.  The methodology to distinguish the 

crystal structures as well as phase transition is shown in Figure 2-6. 

 

 

Figure 2-5.  Phase transition of CeO2-ZrO2 binary system.  The transitions are particle size 
dependent [75].  The phase transitions were distinguished by XRD associated with 
Raman spectroscopy.  Figure reproduced from [75]. 
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Figure 2-6.  XRD and Raman spectra of (1-x)CeO2–xZrO2.  A) XRD of (1-x)CeO2–xZrO2 show 
the phase transition from cubic fluorite to tetragonal phase.  B) Raman shift of (1-
x)CeO2–xZrO2 show the phase transition of sub-structures.  Figures reproduced from 
[75]. 

 



 

CHAPTER 3 
TEST HYPOTHESIS WITH CELL CULTURES 

The therapeutic efficacy of CeO2 nanoparticles has been demonstrated in various cell 

cultures.  The successful outcomes of viability improvements in the treated cultures have been 

demonstrated to be true both in vitro and in vivo.  In this chapter, the experiments are designed to 

elucidate the mechanism of viability enhancement that contributed by CeO2 nanoparticles.  For 

the experimental setups, CeO2 nanoparticles were administered into βTC-tet cells, and the 

endogenous oxidative stress in cell cultures was evaluated.  The results suggest that CeO2 

nanoparticles serve as free radical scavengers in biological systems, and their scavenging 

properties most likely are through catalysis.  The evidence in this chapter supports the concept 

that enhancing the catalytic activities of CeO2 nanoparticles may allow decreasing the dosages in 

biological systems for the same therapeutic efficacy.  This chapter also serves as a demonstration 

of previous chapters, where the results implied the alternative platforms providing a novel 

therapy to human disorders.  The contents in this chapter are based on the paper that the author 

published in Nanomedicine [27]. 

3.1 Methodology 

To test the hypothesis and further establish the fundamental knowledge of this technique 

for islet transplantation in vivo, we tested βTC-tet cell lines that treated with CeO2 nanoparticles 

in response to raised oxidative stress.  The βTC-tet cell lines are murine insulinoma cells.  They 

are modified from β cells in islet of Langerhans in the pancreas.  The βTC-tet cell lines’ function 

is similar to primary β cells, so they are optimum cell lines for preliminary studies in 

biochemistry. 

The βTC-tet cells are treated with the CeO2 nanoparticles synthesized in our lab.  It is 

required to note that the preparation of CeO2 nanoparticles in the sequent sections of this chapter 
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is different to the CeO2 nanoparticles in the other chapters.   Essentially, a different surfactant, 

lecithin was used to synthesize CeO2 nanoparticles in this chapter, while CexZr1-xO2 

nanoparticles in the following chapters were prepared in a reverse micelle system formed by 

surfactant, bis(2-ethylhexyl) sulphosuccinate (AOT). 

Delineating the in vitro and in vivo scavenging mechanism of CeO2 nanoparticles is 

important in furthering our understanding of these particles and extending their potential 

biological and medical applications.  To do so, it is necessary that CeO2 nanoparticles are 

colloidally stable in solution for extended periods of time because biological systems may 

require prolonged incubations to achieve optimum efficacy.  In the previous works, CeO2 

nanoparticles were synthesized and then stabilized in a solution of multivalent dispersants.  A 

solution of tri-sodium citrate was applied to stabilize CeO2 nanoparticles by shifting CeO2 

nanoparticles’ isoelectric point (IEP). 

The intracellular concentration of CeO2 nanoparticles in murine insulinoma βTC-tet cells, 

a well accepted surrogate for in vitro studies of islet cell viability, was quantified and their ability 

to scavenge free radicals in vitro was assessed by exposure to hydroquinone. 

Synthesis of CeO2 nanoparticles 

Phosphatidylcholine (laboratory grade), toluene (laboratory grade), cerium (III) nitrate 

hexahydrate (99.5%, M.W. = 434.22 g/mole), and ammonium hydroxide (NH3 content 28~30%) 

were purchased from Fisher Scientific and used without further purification.  2.285 gram of 

phosphatidylcholine was dissolved in 100 ml of toluene to form reverse micelles.  Five mini-liter 

of 0.1 M cerium nitrate aqueous solution was pipetted into the colloidal micelle system, and the 

mixture was strongly stirred for 30 min until the system appeared homogeneous.  Ten mini-liter 

of 1.5 M ammonium hydroxide solution was titrated into the system to initiate electrochemical 
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reaction.  After 45 min of stirring, CeO2 nanoparticles gradually formed in the reverse micelles.  

The nanoparticles were collected by centrifugation with a force field of 18 G and then 

sequentially rinsed with 50 ml of methanol, 50 ml of ethanol, and 50 ml of water in order to 

remove the redundant surfactants.  Between each rinse the nanoparticles were collected by 

centrifugation at 18 G. 

Colloidal stabilization of CeO2 nanoparticles 

The CeO2 nanoparticles were dispersed in 100 ml of 0.05 M (13.17g/l) saline/sodium 

citrate buffer (Cat. # 821840, MP Biomedical) and ultrasonicated until the appearance of the 

suspension changed from turbid to transparent.  The pH value of suspension was adjusted to 7.4 

using 0.1N citric acid and sodium hydroxide solutions.  The suspension was sterilized by 

filtration with a 0.2 μm filter.  The average yields from such preparation were approximately 50 

mg of CeO2 nanoparticles stabilized in 100 ml of sodium citrate solution. 

Concentration analysis 

The yields and concentration of CeO2 suspensions were determined by Perkin-Elmer 

Plasma 3200 inductively coupled plasma spectrometer (ICP).  The ICP sample was prepared by 

dissolving 1 ml of the suspension in 1 ml of 95% sulfuric acid (Acros Organics).  After heating 

to 90˚C for 24 hrs, the sample was diluted to 5ml with deionized water for ICP measurement.   

Structural characterization 

The crystal structure and crystallite size of CeO2 nanoparticles were characterized by X-ray 

diffraction (XRD) using CuKα radiation (XRD Philips APD 3720).  For the preparation of the 

XRD sample, CeO2 nanoparticles were extracted before stabilization and dried in air for 24 hrs. 

Micrographs and electron diffraction pattern were determined using a JEOL 2010F 

transmission electron microscope (TEM) equipped with selected area diffraction (SAD).  For the 
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preparation of TEM samples, CeO2 nanoparticles were extracted before stabilization and dried 

on carbon formvar-coated grids (Electron Microscopy Sciences). 

Stability tests 

The stability of CeO2 suspensions was determined by measuring the zeta potential of the 

suspension using a Brookhaven ZetaPlus.  One tenth mini molar of citrate-adsorbed CeO2 

nanoparticles and citrate-free CeO2 nanoparticles were prepared, and 0.1 vol% of potassium 

chloride was added to define the background electrolyte.  The pH of the sample was adjusted by 

titrating a trace amounts of 0.1 N hydrochloric acid and 0.1 N sodium hydroxide into the 

suspensions. 

Cell culture 

Murine insulinoma βTC-tet cells were provided by the laboratory of Shimon Efrat (Albert 

Einstein College of Medicine, Bronx, NY) and cultivated as monolayers in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Mediatech, Herndon, VA).  This medium contains 20 mM glucose 

and is supplemented with 10% (v/v) fetal bovine serum (Hyclone, Logan, UT), antibiotics (100 

U/ml penicillin and 100 ng/ml streptomycin), and L-glutamine to a final concentration of 6 mM 

(Sigma, St. Louis, MO).  Cultures were maintained at 37 °C under humidified (5% CO2/95% air) 

conditions, and appropriate media were completely replaced every 2-3 days. 

Quantification of intracellular CeO2 nanoparticles 

The intracellular amount of CeO2 nanoparticles was determined by ICP.  βTC-tet cells 

were incubated in media containing 0, 50, 100 and 200 μM CeO2 for 48 hrs.  At the end of this 

incubation period, the cells were washed with PBS 2-3 times to remove all extracellular CeO2 

nanoparticles.  A pellet of 20-40 millions cells was generated by centrifugation and digested in 

1ml of either 95% sulfuric acid for 48 hrs at 60 ˚C.  The sample was then diluted with 5ml with 
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deionized water before proceeding with the ICP measurements.  Samples with 0 μM CeO2 were 

actually prepared as “sham” controls, meaning that a volume of the vehicle solution (i.e., citrate) 

equal to the volume of the CeO2 nanoparticle solution was added to the cells. 

The same cultures used to determine the intracellular cerium concentration were also used 

to visualize the intracellular distribution of the nanoparticles with TEM microscopy.  TEM 

images of CeO2 exposed and sham treated control βTC-tet cells were obtained with a JEOL 

2010F microscope to visualize the intracellular compartmentation of the CeO2 nanoparticles.  

Chemical analysis was performed by energy dispersive spectrum (EDS) built in the same TEM 

microscope. 

Quantification of intracellular free radical concentration 

The ability of citrate-coated CeO2 nanoparticles to scavenge free radicals in vivo was 

assessed by the following protocol.  βTC-tet cells were cultured as monolayers in T-75 flasks 

and incubated overnight (~18 hrs) with DMEM media that contained 0, 100 or 200 μM CeO2 

nanoparticles.  Each flask contained between 30-40 million cells.  At the end of the labeling 

period, the cells were rinsed 2-3 times with PBS to remove extracellular CeO2 nanoparticles, 

trypsinized, centrifuged, and the cell pellet re-suspended in 20 ml of fresh non-CeO2 containing 

DMEM.  Aliquots of 4 ml were placed in separate centrifuge tubes.  The freely suspended cells 

were exposed for 15 min to media that were supplemented with an aliquot from a stock solution 

of hydroquinone (HQ) so that the final hydroquinone concentration in the media was 1 or 2 mM.  

Cells exposed to 0 mM HQ were in fact sham treated with a volume of PBS equal to that of the 

stock HQ solution that was added to reach 2 mM.  The stock HQ solution was prepared by 

dissolving 8 mg HQ in 0.5 ml of dioxane and then diluted with 9.5 ml of PBS.  At the end of the 

15 min HQ treatment the cells were centrifuged, the media discarded and 200 μl of 2’,7’-
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dichloroflurescin diacetate (DCF) (Molecular Probes, Eugene OR) were added to suspend the 

cells.  Each 200 μl suspension was placed in a single well of a 96-well plate and the plate was 

placed in a Synergy HT reader (Bio-Tek, Winooski, VT) and allowed to incubate at 37 °C for 20 

mins.  Fluorescence was measured using an excitation filter centered at 480 nm and an emission 

filter centered at 520 nm.  These experiments were repeated 3 times. 

Analytical assays 

For all experiments described above the viability of βTC-tet cells following exposure to 

CeO2 nanoparticles was assessed by a commercially available assay based on the detection of 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) (Molecular Probes, 

Eugene, OR), while the amount of insulin secreted in the media was measured by using mouse 

insulin Elisa based immunoassay kit (ALPCO, Windham, NH). 

3.2 Results and Discussion 

To visualize the CeO2 nanoparticles and measure their physical dimensions, TEM 

micrographs of the nanoparticles were obtained.  Figure 3-1(a) shows the image and diffraction 

pattern (up right) of CeO2 nanoparticles under such preparations.  Based on this and similar 

images from other preparations, we deduce that the CeO2 nanoparticles are equiaxed, of 

monodispersed particle size.  The SAD pattern indicates that these CeO2 nanoparticles were 

highly crystallized.  The size of the CeO2 nanoparticles range between 2 nm and 6 nm for all 

preparations synthesized in this study.  We arbitrary selected 50 nanoparticles in TEM images 

and measured their Feret’s diameter, and the size distribution upon such estimation has been 

shown in Figure 3-1(b).  The average particle size is 3.7 nm, and the error is estimated as 0.5 nm 

due to the contrasts of TEM images. 
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Figure 3-2 shows an XRD spectrum of the synthesized CeO2 nanoparticles, and the 

diffraction peaks indicate that these particles are crystalline CeO2 with fluorite crystal structure.  

The diffraction peaks (111), (200), and (220) crystal planes are used to calculate these particles’ 

crystallite size.  Using Scherrer’s equation, Dhkl = 0.89λ / βhkl cosθ, the crystallite sizes are 

calculated as 3.7±0.6 nm, 3.9±0.7 nm, and 3.6±0.6 nm from diffraction peaks (111), (200), (220), 

respectively.  The average crystallite size is 3.7±0.2 nm after calculation: this value corroborates 

the average particle size determined by TEM and implies that each of these CeO2 nanoparticles 

is a single crystallite. 

 

 

Figure 3-1.  TEM micrographs of CeO2 nanoparticles that were synthesized using surfactant 
lecithin.  A) TEM image of CeO2 nanoparticles (scale bar 10 nm).  Diffraction 
pattern associated with TEM shows that the synthetic nanoparticles are highly 
crystallized.  B) Particle size distribution calculated from 50 arbitrary selected 
particles in TEM images.  The average Feret’s diameter of synthetic nanoparticles is 
3.7 nm. 
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Figure 3-2.  XRD pattern of CeO2 nanoparticles.  The mean crystallite size of these particles is 
calculated as 3.7±0.2 nm using Scherrer’s equation. 

 
In order to minimize the influences from agglomerations and concentration gradients that 

may occurr in the growth medium, it is necessary for CeO2 nanoparticles to be well dispersed in 

the medium.  Unfortunately, the isoelectric point (IEP) of CeO2 nanoparticles is around 6.5 to 

7.5, whereas the CeO2 nanoparticles tend to agglomerate at the targeted pH value, 7.4.  Here, we 

used tri-sodium citrate molecules as dispersants, since tri-sodium citrate has been used to 

disperse CeO2 nanoparticles through shifting the isoelectric point of CeO2.  Using tri-sodium 

citrate, the IEP of CeO2 is shifted to lower pH values, therefore at pH 7.4 CeO2 have strong 

negative electrostatic charges on their surface, resulting in stabilization effects.  The other 

advantage of using tri-sodium citrate is due to its pH buffering properties.  Tri-sodium citrate and 

its salts have been used to make pH buffers as well as anti-coagulation solutions at pH 7.4.  

Therefore, tri-sodium citrate buffer was used as dispersing solution as well as pH buffer in this 

study.  Figure 3-3 shows the major chemical compositions in tri-sodium citrate buffer.  Figure 3-

4 presents the zeta potential of a citrate-adsorbed and a citrate-free CeO2 suspension at various 
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pH values.  Comparing both zeta potential profiles, we conclude that IEP of CeO2 shifts from 8 

to approximately 2 when the nanoparticles are stabilized in citrate solution.  The shift of IEP is a

result of surface charge modification due to the adsorbed citrate on CeO2 nanoparticles.  The zeta 

potential of citrate treated nanoparticles shifts from +10 mV to -38 mV at pH 7.4, which 

indicates the promotion of surface charges on the CeO2 particle surface, and provides CeO

nanoparticles sufficient electrostatic repulsion to avoid flocculation.  The citrate treated 

suspension is able to retain transparency without visible deposition of particles for at leas

days. 

 

 

2 

t 60 

 

Figure 3-3.  Chemical compositions of the tri-sodium citrate buffer. 

 

47 



 

 

Figure 3-4.  Zeta potentials of CeO2 suspensions as a function of pH. 

 
Stabilization of CeO2 nanoparticles with citrate imposes two key advantages.  First, it 

extends the shelf-life of the nanoparticle solution, permitting the performance of longitudinal 

studies with the same nanoparticle preparation.  Second, it minimizes, if not eliminates, the 

precipitation of CeO2 nanoparticles from solution.  Consequently, the nanoparticle distribution 

within the solution is homogeneous; allowing for uniform delivery of the nanoparticles to cells 

either in vitro or in vivo.  Alternatively, partial precipitation of CeO2 nanoparticles could lead to 

a heterogeneous delivery because the local CeO2 concentration in the vicinity of cells may be 

altered, resulting in a variable intracellular uptake of the nanoparticles.   

A key parameter in assessing the efficacy of CeO2 nanoparticles to scavenge reactive 

oxygen species is the intracellular concentration and compartmentation of the CeO2 

nanoparticles.  To quantify the intracellular concentration of CeO2 nanoparticles, βTC-tet cells 

were incubated in the modified media containing 0, 50, 100 and 200 μM CeO2 for 48 hrs.  At the 

end of this incubation period, the cells were digested and the concentration of CeO2 

nanoparticles was determined by ICP.  Table 3-1 shows the CeO2 concentrations in βTC-tet cells 

after 48 hours of incubated in different extracellular concentrations.  The data show that the 
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accumulation of CeO2 in βTC-tet cells proportion to the extracellular concentration.  However, 

exposure of βTC-tet cells to large concentrations of citrate-adsorbed CeO2 nanoparticles in the 

culture media (>200 μM) was detrimental to the cells.  This is illustrated by the lower number of 

cells that were measured when cells were exposed to media containing 200 μM CeO2.  Since all 

flasks used in this experiment were prepared identically, this lower cell count may be attributed 

to (1) detachment of cells during the incubation period, (2) a decrease in the rate of proliferation 

by the cells or (3) combination of (1) and (2).  It is important to note that cell viability was 

measured on the cells that were used to quantify the intracellular CeO2 content and does not 

include cells that may have been detached during incubation with the nanoparticles. 

Once the intracellular concentration of CeO2 nanoparticles was determined (Table 3-1), we 

proceeded to determine the intracellular allocations of CeO2 nanoparticles.  CeO2 nanoparticles 

are clearly visible in a TEM picture of βTC-tet cells.  Figure 3-5 shows the allocations of CeO2 

nanoparticles in the treated cells.  These data showed that CeO2 nanoparticles were present 

throughout the cytoplasm as well as within organelles such as the mitochondrion, either as small 

or large aggregates.  TEM cell samples were examined by EDS and the presence of cerium was 

clearly detected. 

 
Table 3-1.  Intracellular amount of CeO2 in βTC-tet cells following 48 hrs of incubation with 

media containing CeO2 nanoparticles. 
 

Extracellular 
CeO2 

concentration 
(μM) 

ICP Reading 
(µg) 

Cell Numbers 
(x106) 

Amount of 
CeO2 in Cell 

(pg/cell) 
Viability 

0 0.24 49.8 0.01 >90% 
50 2.33 42.3 0.06 >90% 
100 4.59 42.6 0.11 >90% 
200 7.8 22.2 0.35 >90% 
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Figure 3-5.  TEM micrographs of CeO2 nanoparticles in βTC-tet cells.  A) Control cell without 
not exposure to CeO2 nanoparticles.  B) A large aggregate of CeO2 nanoparticles 
positioned in the cytoplasm of a βTC-tet cell following a 48 hr exposure to media 
containing 100 μM CeO2 nanoparticles.  C) Small aggregate of CeO2 nanoparticles 
that are distributed throughout the cytoplasm of the same cell in B.  D) A small 
aggregate of CeO2 nanoparticles that is positioned within the mitochondrion of the 
same cell in B and C.  The EDS chemical analysis is shown on the upper right corner 
of the image, indicates the presence of cerium in the pointed spots.  Scale bar 500nm 
in A-C, and 100 nm in D. 

 
The effectiveness of these citrate-adsorbed CeO2 nanoparticles to scavenge intracellular 

free radicals was assessed by exposing βTC-tet cells to 1 or 2 mM HQ for 15 min.  Figure 3-6 
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indicates the effect of HQ exposure on the intracellular free radical concentration.  The data 

show that in the absence of CeO2 nanoparticles such an insult results in an increase in the 

intracellular free-radical concentration.  However, when cells were preloaded with either 50 or 

100 μM CeO2, the intracellular free radical concentration decreased regardless of the 

extracellular hydroquinone concentration.  These data represented the effectiveness of CeO2 

nanoparticles to scavenge free radicals in vitro.  It is important to note that labeling βTC-tet cells 

with CeO2 nanoparticles did not affect either their viability of the cells as depicted in Table 3-1 

or their ability to secrete insulin as it is illustrated in Figure 3-7.  These data support earlier 

reports demonstrating the neuroprotective, ophtalmoprotective, and cardioprotective properties 

of CeO2 nanoparticles, although the CeO2 concentrations in our work were up to 4 orders of 

magnitude higher than in the above reports. However, our data is based on quantitative 

measurement of the concentration via full chemical analysis using ICP which should be the 

standard applied to measure concentrations. The earlier papers based their calculated 

concentrations on a qualitative picture analysis. 

Another important observation from our experiments was the lack of cytotoxic effects 

associated with the use of the CeO2 nanoparticles.  This observation is in contrast to a recent in 

vitro study on human lung cancer cells that demonstrated a significant decrease in cell viability 

with exposure to CeO2 nanoparticle [76].  The loss of cell viability was attributed to large 

quantities of free radicals generated by the nanoparticles resulting in excessive oxidative stress.  

Although the doses of CeO2 nanoparticles used in that study is similar to that used in the present 

study (i.e., Lin et al. used 3.5-23.3 μg/ml for 1-3 days, while our present study used 17.2-34.4 

μg/ml for 2 days), the effect of the nanoparticles is opposite.  Whereas Lin et al. reported 

generation of free radicals, we report scavenging of free radicals.  This difference in function 
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may be attributed to the reported photocatalyst-nature of CeO2 nanoparticles (Eg = 3.15eV) upon 

the illumination of UV lights [77].  However, higher energy is required to stimulate free radical 

formation by our CeO2 nanoparticles, since the broader bandgap energy (3.65eV in terms for 3.7 

nm CeO2 nanoparticles) was reported for CeO2 nanoparticles smaller than 20 nm [78] (i.e., Lin et 

al. used 20 nm particles whereas we used 3.7 nm particles). 

 

 

Figure 3-6.  Free radical concentration in βTC-tet cells.  The solid gray bars represent 
intracellular free radical concentrations of non-CeO2 loaded βTC-tet cells following 
exposure to 1 or 2 mM hydroquinone (HQ).  The shadded and white bars represent 
intracellular free radical concentrations of CeO2 labeled βTC-tet cells (50 and 100 
μM respectively) following identical hydroquinone exposures.  Each bar is the 
average of three measurements and the error bars represent the standard deviation of 
the mean.  Statistical comparisons amongst the various groups were performed using 
a t-test analysis and the asterisks indicate p values <0.03.  The only comparison that 
was not statistically (NS) significant was that between non-labeled and cells labeled 
with 50 μM CeO2 and exposed to 1 mM HQ.  These data represent one of three 
independent experiments. 
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Figure 3-7.  The amount of insulin secreted by non-labeled and CeO2 labeled βTC-tet cells.  
Labeled cells were exposed to media containing either 50 or 100 μM CeO2 
nanoparticles for 24 hours.  Each bar represents the average of two measurements and 
the error bars represent the standard deviation of the mean.  Similar measurements 
were also performed with cells exposed to 50 or 100 μM CeO2 containing media for 
48 hours with identical results. 

 
There are many potential applications in medicine that can benefit from the free radical 

scavenging abilities of CeO2 nanoparticles.  One such application having a potential for dramatic 

impact is that of islet transplantation.  One of the many challenges that face islet transplantation 

is the loss of islet viability shortly after transplantation due to oxidative stresses induced by 

mechanical trauma and/or immunosuppressive medication [79].  Although several antioxidants 

such as Heme Oxygenase-1, SOD mimetics, vitamin C and/or E have been shown to improve 

oxidative stress in transplanted islets, they either degrade over a relatively short time span once 

incorporated into the islets, or the islets require genetic manipulation to express the desired 

antioxidant protein [1,79].  The proposed CeO2 nanoparticles are a promising alternative to the 

existing methods because they can be delivered intracellularly and possibly targeted to specific 

organelles, are stable over long periods of time, do not require the genetic manipulation of cells 

and do not affect either the viability or insulin secretion of the host islets. 
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3.3 Summary 

In this study, we presented novel CeO2 nanoparticles synthesis based on a reverse micelle 

formation technique.  The nanoparticles were crystalline, had an average particle size of 3.7 nm, 

and could be dispersed in medium for long periods of time due to their coating with citrate.  

When tested in vitro, the CeO2 nanoparticles were deposited in the cytoplasm of insulin secreting 

cells, and the intracellular concentration of CeO2 nanoparticles reached 0.35 pg/cell.  In addition, 

our observation of a reduced intracellular free radical concentration was consistent with the 

intracellular concentration of CeO2 nanoparticles, which is proportional to the extracellular CeO2 

concentrations.  The ability of these nanoparticles to scavenge free radicals was maintained in 

vivo, providing effective protection to βTC-tet cells against an insult by the free radical 

generator, hydroquinone. 



 

CHAPTER 4 
SYNTHESIS OF CERIUM-ZIRCONIUM OXIDE NANOPARTICLES 

This chapter introduces the preparation procedures prior to analyzing the free radical 

scavenging activities in CexZr1-xO2 nanoparticles.  The preparation procedures include synthesis 

of CexZr1-xO2 nanoparticles using reverse micelle system, dispersion of CexZr1-xO2 nanoparticles 

using buffers of multi-valent ions, and evaluating their particle size distributions in the 

nanosuspensions.  In each preparation procedure, the background of the techniques will be 

described in order to provide a thorough understanding. 

In order to evaluate free radical scavenging activities in CexZr1-xO2 nanoparticles, it is 

important to prepare a system with narrow nanoparticle size distribution, and these nanoparticles 

in the particular systems should be well stabilized in a solution.  The reason for doing so is to 

minimize the influences from the surface area that can be diminished by particle size and 

agglomerations.  Since reverse micelle synthesis provides the system a relatively narrow 

nanoparticle size distribution (usually 3-10 nm), the technique was selected to synthesize CexZr1-

xO2 nanoparticles. 

These synthesized CexZr1-xO2 nanoparticles are then dispersed in a saline/tri-sodium citrate 

buffer.  The capability for this specific buffer to disperse CeO2 nanoparticles has been described 

in Chapter 2.  In this buffer, tri-sodium citrate not only acts as an optimum dispersant, but the 

saline/tri-sodium citrate/citric acid system also stabilizes the suspension’s pH value.  A stable pH 

value is essential for the activity tests to free radical scavenging, because the fluctuating pH 

value can strongly influence the stability of free radicals.  The particle size distribution was 

measured using particle size analyzer.  It is to ensure the suspensions have comparable surface 

area and to confirm that particle agglomerations are prevented in the preparation. 
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Finally, the Ce/Zr ratio and the concentration of CexZr1-xO2 nanoparticles were measured 

using chemical analysis methods.  This procedure is also crucial, because it shows potential 

leaching of cerium or zirconium ions in the synthesis; and it provides precise nanoparticle 

concentrations for the activity tests. 

4.1 Nanoparticle Synthesis 

4.1.1 Reverse Micelle Synthesis 

Reverse micelle method was invented as a process for preparing nanoparticles with narrow 

particle size distribution in the 1980’s.  Reverse micelles are the reversed aggregates of normal 

surfactant micelles.  They are stabilized by the dissolution of the hydrophobic groups located 

outside of the reversed micelles in an apolar media in order to minimize the interfacial energy.  

In the reverse micelle route, each aqueous precursor is surrounded by a surfactant monolayer, 

and each reverse micelle works as a single nanoreactor, and has a size around 2 nm to 10 nm.  

The formation of nanoparticles is accomplished by diffusing a small amount of reactant, such as 

ammonium hydroxide, into reverse micelles.  According to the electrochemical stability, 

nucleation and growth occur due to the increasing pH value in these nanoreactors.  Therefore, 

nanoparticles are formed in reverse micelles.  This method has been used to synthesize a variety 

of materials, including ceramics and polymeric nanoparticles.  Several examples are: CaCO3, 

BaCO3 [80], ZrO2 [81], CeO2 [82], CdS [83], proteins, and enzymes [84,85]. 

The shape and size of the products strongly depend on the synthesis conditions.  By 

adjusting the water/surfactant ratio to desired conditions, nanoparticles with different shapes 

including spherical, planar, cylindrical, discoidal, or even vesicular can be formed [86].  Also, 

particle sizes in the range from 1 nm to 100 nm with high crystallinity can be synthesized.  The 

reverse micelle method increases the homogeneity of chemical composition and facilitates the 

preparation of nanoparticles that often have monodispersed particle size. 
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In order to compare the scavenging activity in our proposed system with other competitive 

groups, a surfactant that other groups used to synthesize CeO2 nanoparticles was used instead of 

surfactant lecithin. 

4.1.2 Experimental Methods 

Bis(2-ethylhexyl) sulphosuccinate (AOT, laboratory grade), toluene (laboratory grade), 

cerium (III) nitrate hexahydrate (99.5%, M.W. = 434.22 g/mol), zirconyl(IV) nitrate hydrate 

(99.5%, M.W. = 231.23 g/mol),  and ammonium hydroxide (NH3 content 28~30%) were 

purchased from Fisher Scientific and used without further purification.  One and half grams of 

AOT was dissolved in 100 mL of toluene to form reverse micelles.  Five mini-liters of precursor 

solution was prepared by mixing 0.1 M cerium nitrate and 0.1 M zirconyl nitrate aqueous 

solutions according to the Ce/Zr ratios.   The precursor solution was then pipetted into the 

colloidal micelle system, and the mixture was strongly stirred for 30 minutes until the system 

appeared homogeneous.  Ten mini-liters of 1.5 M ammonium hydroxide solution was titrated 

into the system to initiate the precipitation.  The chemicals and their amounts used in the 

synthesis are listed in Table 4-1. 

After 45 min of stirring, CexZr1-xO2 nanoparticles had gradually precipitated in the reverse 

micelles, and the appearance of the system became yellowish.  The nanoparticles were collected 

by centrifugation with a force field of 18 G and then sequentially rinsed with 50 mL of acetone, 

Fifty mini-liters of ethanol, and 50 mL of water in order to remove the redundant surfactants.  

Between each rinses the nanoparticles were collected by centrifugation at 18 G.  All samples 

prepared in the following chapters were synthesized or prepared at room temperature without 

further heat treatment.  The synthesis procedure is illustrated in Figure 4-1. 
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Table 4-1.  Chemicals and the amounts used to prepare CexZr1-xO2 nanoparticles in reverse 
micelle synthesis. 

 

 

 

Figure 4-1.  Synthesis procedures. 
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4.2 Nanoparticle Stabilization 

4.2.1 Stabilization Using Buffer 

Although the isoelectric point (IEP) of CeO2 ranges between 6.5 to 7.5 [87,88], using 

sodium citrate buffer solution allows to disperse CexZr1-xO2 nanoparticles at pH 7.4 and to retain 

pH stability at the same time.  The optical images of CeO2 nanoparticles stabilized in aqueous 

solutions are shown in Figure 4-2. 

A 0.05 M saline/sodium citrate buffer (Cat. # 821840, MP Biomedical) was prepared 

according to the manufacturer’s instructions.  After the CexZr1-xO2 nanoparticles were rinsed and 

collected, the products were dispersed in the sodium citrate buffer.  The pH value of each sample 

was adjusted to 7.4 by titrating 0.1 N citric acid (97.5%, Sigma-Aldrich) or 0.1 N NaOH (Sigma-

Aldrich).  The suspensions were ultrasonicated overnight until the suspension changed from 

turbid to transparent.  The suspensions were then filtered through a 0.2 µm syringe filter in order 

to remove unexpected agglomerates. 

 

 

Figure 4-2.  Optical images of CeO2 nanoparticles dispersed in DI water (left), and in sodium 
citrate buffer solution solution (right). 
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4.3 Particle Size Analysis 

4.3.1 Dynamic Light Scattering Technique 

Dynamic light scattering (DLS) technique is established for measuring particle size over 

the size range from a few nanometers to a few microns.  When light hits small particles the light 

scatters in all directions so long as the particles are small compared to the wavelength.  If the 

light source is monochromatic and coherent, then a time-dependent fluctuation in the scattering 

intensity can be observed.  These fluctuations are due to the fact that the small molecules in 

solutions are undergoing Brownian motion and so the distance between the scatterings in the 

solution is constantly changing with time.  When the coherent source of light having a known 

frequency is directed at the moving particles, the light is scattered but at a different frequency. 

The shift in light frequency is related to the size of the particles causing the shift.  Due to their 

higher average velocity, smaller particles cause a greater shift in the light frequency than larger 

particles.  It is this difference in the frequency of the scattered light among particles of different 

sizes that is used to determine the sizes of the particles.  Here, the size distribution of 

agglomeration is used to evaluate the stabilization of suspensions, since the degree of 

agglomerations may influence the scavenging activity of nanoparticles.  The particle size 

distributions of the suspensions were measured by NanoTrac (MicroTrac Inc.) at PERC. 

4.3.2 Agglomerate Size Distribution 

Figure 4-3 shows the agglomerate size distribution in CexZr1-xO2 suspensions measured by 

DLS.  The mean agglomerate size Mn, D50 and D95 of all suspensions are listed in Table 4-2.  The 

DLS results show that the CexZr1-xO2 nanoparticles, except for ZrO2, are well dispersed in the 

sodium citrate buffer solution at pH 7.4.  All the suspensions are able to sustain stabilization for 

more than 6 months without observable deposition. 
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Figure 4-3.  Agglomerate size distribution in CexZr1-xO2 suspensions at pH 7.4 (x= 0, 0.2, 0.4, 
0.6, 0.7, 0.8, 1.0).  The agglomerate size and number percentage of agglomeration are 
measured by NanoTrac. 

 
Table 4-2.  Mean agglomeration size (Mn), D50, and D95 of CexZr1-xO2 suspensions obtained 

using NanoTrac. 
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4.4 Chemical Analysis 

4.4.1 Inductively Coupled Plasma Spectroscopy 

The inductively coupled plasma spectroscopy (ICP) is a sophisticated spectroscopic 

technique for chemical analysis.  The term inductively coupled plasma is a type of plasma source 

in which the energy is supplied by electrical currents which are produced by electromagnetic 

induction.  The ICP system is equipped with monochromators covering the particular spectral 

ranges with a grated ruling, and it is operated based on the principle of atomic emission by atoms 

ionized in the argon plasma.  Light of specific wavelengths is emitted as electrons return to the 

ground state of the ionized elements, quantitatively identifying the species present. 

The ICP samples are prepared as ions in a solution, since the samples need to be injected 

through plasma and form an ionized mist.  Therefore, acids and bases are usually involved in 

sample preparations.  The system is capable of analyzing the trace concentration of materials in 

both organic and aqueous matrices with a detection limit range of less than 1 ppm. 

The Ce/Zr ratios, nanoparticle concentrations in CexZr1-xO2 suspensions were confirmed by 

Perkin-Elmer Plasma 3200 Inductively Coupled Plasma Spectroscopy at Particle Engineering 

Research Center (PERC).  Sulfuric acids were used to dissolve CeO2, since it is reported that 

CeO2 only dissolved in this particular acid.  The solubility of CeO2 was tested in several acids, 

i.e. sulfuric acid, hydrochloric acid, and nitric acid, prior to the concentration analysis, and it was 

confirmed that only sulfuric acid was able to completely dissolve CeO2 prior to concentration 

measurements. 

To prepare samples for ICP, an adequate amount of products was dissolved by 95% of 

sulfuric acid (Aldrich-Sigma) at 90°C overnight.  The samples were diluted using DI water prior 

to use.  Before measuring the cerium and zirconium concentrations in the samples, 100 ppm, 10 

ppm, and 1 ppm of cerium ICP standard and zirconium ICP standard (Ricca Chemical) were 
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used to prepare as standard samples.  The nanoparticle concentrations used in this dissertation 

were confirmed using ICP. 

4.4.2 Compositions of Final Products 

The compositions of final products are shown in Table 4-3.  The compositions correspond 

to the designed Ce/Zr ratios, and the standard deviations of the compositions are between 

0.00018 to 0.02 (standard deviations were obtained from 2 different suspension preparations).  

The ICP results suggest the fact that reverse micelle synthesis method is a remarkable method to 

prepare nanoparticles in laboratory scale, and the compositions of solid solutions can be 

controlled in fewer than 2% of deviations. 

 
Table 4-3.  Chemical compositions of final products determined. 

 

 
4.5 Summary 

A series of CexZr1-xO2 nanoparticles using reverse micelle systems was synthesized, and 

the chemical compositions of cerium and zirconium (i.e. x and 1-x) were precisely controlled 

between 0.0 to 1.0 (x= 0.0, 0.2, 0.4, 0.6, 0.7, 0.8, 1.0).  The products were washed and collected 

using centrifugation.  The sediments could be re-dispersed in an anticoagulation buffer, tri-

sodium citrate buffer at pH 7.4.  In this chapter, measuring particle sizes using NanoTrac also 

yields the agglomerate sizes of final products.  According to the results in DLS measurements, 
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we concluded that the nanoparticles were well dispersed in a tri-sodium citrate buffer.  The 

chemical compositions of the final products were confirmed using ICP, and their chemical 

compositions corresponded to the initial design.  In this chapter, we have confirmed that CexZr1-

xO2 nanoparticles with a series of Ce/Zr ratios can be prepared in reverse micelle synthesis, and 

these nanoparticles can be dispersed in sodium citrate buffer.  The chemical compositions of the 

final products correspond to the initial design. 



 

CHAPTER 5 
STRUCTURAL PROPERTIES AND NONSTOICHIOMETRIC BEHAVIOR OF CERIUM-

ZIRCONIUM OXIDE NANOPARTICLES 

This chapter discusses the structural properties and nonstoichiometric behavior of CexZr1-

xO2.  Several characterization techniques including TEM, XRD, and Raman spectroscopy are 

used to confirm the crystal structures, phases, crystallite size, and crystallinity of these 

nanoparticles. 

It is worth to note that these nanoparticles were synthesized in a designed reverse micelle 

system, and they were formed from hydrated cerium/zirconium salts at room temperature.  Heat 

treatments to these nanoparticles were prevented in the synthesis.  The exemption of heat 

treatments may cause the residual stress in the lattice, and cause mixture of several phases in 

each single nanoparticles.  In general, the residual stress may eliminate the symmetry of 

structures and exclude the resolution beyond the limitation of the characterization techniques. 

5.1 Characterization Techniques and Experimental Methods 

5.1.1 Structural Characterization Using TEM 

Transmission electron microscopy (TEM) is applied to determine the particle size, crystal 

structures, and partially to characterize the crystallinity of CexZr1-xO2 nanoparticles.  TEM is a 

technique whereby a beam of electrons is transmitted through a specimen, interacting with the 

specimen as it passes through it.  A contrast is formed from when the transmitted electrons 

interact with electrons and nucleus in the specimen and the signal is magnified and focused by an 

objective lens and appears on an imaging screen, or is detected by a sensor such as a CCD 

camera. 

Experimental methods 

In this section, the Feret particle diameter will be measured through particle analysis in 

TEM images.  The crystal structures of CexZr1-xO2 nanoparticles will be evaluated by analyzing 

65 



 

the SAD patterns stimulated by the transmission electron beams.  The crystallinity of 

nanoparticles will be estimated through analysis of the lattice planes/fringes of nanoparticles in 

TEM images. 

TEM samples were prepared by re-dispersing adequate amounts of CexZr1-xO2 

nanoparticles in methanol, sonicating for 5 minutes, and dropping the suspensions on formvar 

carbon film supported copper grids (Electron Microscopy Sciences).  A JEOL TEM 2010F TEM 

located at Major Analytical Instrumentation Center (MAIC, UF) was used to characterize these 

samples. 

The particle size of each sample was determined by averaging the Feret’s diameter of 

nanoparticle images which arbitrarily selected in TEM micrographs.  The standard deviation of 

particle sizes was estimated around 0.5 nm, owing to the resolution of TEM micrographs. 

5.1.2 Structural Characterization Using XRD 

X-ray diffraction (XRD) is applied to determine the crystallite size, crystal structures of 

CexZr1-xO2 nanoparticles.  XRD is an x-ray technique based on the principle of scattering.  The 

electromagnetic x-ray incidents to a specimen, and interacts with its electrons and nucleus.  The 

contrast only appears when constructive interference occurs in the condition that the diffraction 

angles satisfied Bragg’s Law.  The diffraction pattern of a specimen reveals the characteristics of 

the particular material, including crystal structures, crystallite sizes, lattice parameters, etc. 

Experimental methods 

In this section, Scherrer’s equation will be used to determine the crystallite size in the 

range of submicron sizes.  The crystal structures of these nanoparticles will be determined by 

comparing their diffraction spectra with that of the corresponded crystalline materials. 

All CexZr1-xO2 nanoparticles were synthesized using reverse micelle method, washed with 

methanol, collected, and dried overnight.  A glass slide was cleaned and covered with a double 
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face tape, and the dried powders were poured on the tape and evenly applied on the tape.  The x-

ray diffraction spectra were obtained using XRD Phillips APD 3720 at MAIC, UF. 

The crystallite size of each sample was calculated using Scherrer’s equation. 

θβ
κλ
cos

=vD   (5-1) 

where  is the volume weighted crystallite size, vD κ  is Scherrer constant falls in the range 

of 0.87 to 1.0, λ  is the wavelength of radiation, and β  is the integral breadth of the reflection 

located at 2θ .  In this study, Scherrer’s constant is 0.89, and wavelength of radiation is of 1.54 

angstroms [75]. 

5.1.3 Structural Characterization Using Raman 

Raman spectroscopy is applied to determine the crystal structures, their sub-phases, and 

phase transformation in the series of synthesized CexZr1-xO2 nanoparticles.  Raman spectroscopy 

is a spectroscopic technique used in condensed matter physics and chemistry to study vibrational, 

rotational, and other low-frequency modes in a system.  The vibration relies on inelastic 

scattering, or Raman scattering of monochromatic electromagnetic radiation, induced by laser 

light interacting with phonons or other excitations in the system, resulting in the energy of the 

laser photons being shifted due to the vibrational transitions in the molecules.  In this 

dissertation, Raman spectroscopy is used to characterize the crystal structures of CexZr1-xO2 

nanoparticles.  By detecting the vibrational energy induced by the symmetry of lattices, it is 

allowed to distinguish the crystal structures and the sub-phases of materials using Raman 

spectroscopy. 

Experimental methods 

All CexZr1-xO2 nanoparticles were synthesized using reverse micelle methods, washed with 

methanol, collected, and dried overnight.  Commercial 7 nm CeO2 nanoparticles were purchased 
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from Nanoscale Materials Inc., USA, and commercial 40 nm CeO2 nanoparticles were purchased 

from Alfa Aesar.  Commercial ZrO2 nanoparticles (tetragonal phase) were purchased from Alfa 

Aesar.  The samples were poured on a cleaned glass slide, and tested using Renishaw Bio Raman 

at the Particle Engineering Research Center (PERC, UF).  The excitation wavelength of incident 

radiation of Renishaw Bio Raman is 514 nm. 

5.2 TEM Results and Discussion 

Figure 5-1 to Figure 5-7 represent TEM micrographs of CexZr1-xO2 nanoparticles (x= 0, 

0.2, 0.4, 0.6, 0.7, 0.8, 1.0) and their selective area electron diffraction (SAD) patterns.  In these 

TEM micrographs, nanoparticles prepared in reverse micelle synthesis have particle size between 

2 to 7 nm.  The particle size distributions of 50 arbitrary picked particle images are recorded 

in Table 5-1, and their mean particle sizes are averaged and shown in the same table.  The mea

particle sizes of nanoparticles in our preparation are between 3.2 nm of ZrO2 to 3.8 nm of 

Ce0.2Zr0.8O2, and the standard deviation of mean particle sizes is around 0.5 nm according to the 

resolution of particle images.  

n 

From Figure 5-1 to Figure 5-7, we can conclude that synthesis of CexZr1-xO2 nanoparticles 

using reverse micelle method is possible.  Using this method, 2-7 nm of nanoparticles are 

prepared, and these nanoparticles remain highly crystallized even though heat treatment was 

exempted during preparation.  In TEM images, lattice fringes are observed in the particle images, 

implying highly ordered crystallization in nanoparticles.  Furthermore, well defined rings are 

observed in SAD patterns, which reconfirm the ability for this preparation method to synthesize 

highly crystallized CexZr1-xO2 nanoparticles in nature. 
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Figure 5-1.  TEM micrographs of CeO2 nanoparticles.  A) Micrograph of CeO2 nanoparticles 
(magnification 200 kX, scale bar 10 nm).  B) Micrograph of CeO2 nanoparticles 
(magnification 300 kX, scale bar 10 nm).  C) Micrograph showing the lattice fringes 
of CeO2 nanoparticles.  The fringes imply the highly ordered crystallinity of 
nanoparticles (magnification 1,000 kX, scale bar 5 nm).  D) SAD pattern of CeO2 
nanoparticles.  The bright contrasts in the images are the accumulation of scattered 
electrons, therefore the ordered ring patterns indicate the polycrystalline materials 
detected in the TEM electron beam. 
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Figure 5- 2.  TEM micrographs of Ce0.8Zr0.2O2 nanoparticles.  A) Micrograph of Ce0.8Zr0.2O2  
nanoparticles (magnification 200 kX, scale bar 10 nm).  B) Micrograph of 
Ce0.8Zr0.2O2 nanoparticles (magnification 200 kX, scale bar 10 nm).  C) Micrograph 
showing the lattice fringes of Ce0.8Zr0.2O2 nanoparticles.  The fringes imply the highly 
ordered crystallinity of nanoparticles (magnification 600 kX, scale bar 5 nm).  D) 
SAD pattern of Ce0.8Zr0.2O2 nanoparticles.  The bright contrasts in the images are the 
accumulation of scattered electrons, therefore the ordered ring patterns indicate the 
polycrystalline materials detected in the TEM electron beam. 
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Figure 5-3.  TEM micrographs of Ce0.7Zr0.3O2 nanoparticles.  A) Micrograph of Ce0.7Zr0.3O2  
nanoparticles (magnification 100 kX, scale bar 20 nm).  B) Micrograph of 
Ce0.7Zr0.3O2 nanoparticles (magnification 200 kX, scale bar 10 nm).  C) Micrograph 
showing the lattice fringes of Ce0.7Zr0.3O2 nanoparticles.  The fringes imply the highly 
ordered crystallinity of nanoparticles (magnification 500 kX, scale bar 5 nm).  D) 
SAD pattern of Ce0.7Zr0.3O2 nanoparticles.  The bright contrasts in the images are the 
accumulation of scattered electrons, therefore the ordered ring patterns indicate the 
polycrystalline materials detected in the TEM electron beam. 
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Figure 5-4.  TEM micrographs of Ce0.6Zr0.4O2 nanoparticles.  A) Micrograph of Ce0.6Zr0.4O2  
nanoparticles (magnification 100 kX, scale bar 20 nm).  B) Micrograph of 
Ce0.6Zr0.4O2 nanoparticles (magnification 200 kX, scale bar 10 nm).  C) Micrograph 
showing the lattice fringes of Ce0.6Zr0.4O2 nanoparticles.  The fringes imply the highly 
ordered crystallinity of nanoparticles (magnification 500 kX, scale bar 5 nm).  D) 
SAD pattern of Ce0.6Zr0.4O2 nanoparticles.  The bright contrasts in the images are the 
accumulation of scattered electrons, therefore the ordered ring patterns indicate the 
polycrystalline materials detected in the TEM electron beam. 
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Figure 5-5.  TEM micrographs of Ce0.4Zr0.6O2 nanoparticles.  A) Micrograph of Ce0.4Zr0.6O2  
nanoparticles (magnification 100 kX, scale bar 20 nm).  B) Micrograph of 
Ce0.4Zr0.6O2 nanoparticles (magnification 200 kX, scale bar 10 nm).  C) Micrograph 
showing the lattice fringes of Ce0.4Zr0.6O2 nanoparticles.  The fringes imply the highly 
ordered crystallinity of nanoparticles (magnification 600 kX, scale bar 5 nm).  D) 
SAD pattern of Ce0.4Zr0.6O2 nanoparticles.  The bright contrasts in the images are the 
accumulation of scattered electrons, therefore the ordered ring patterns indicate the 
polycrystalline materials detected in the TEM electron beam. 
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Figure 5-6.  TEM micrographs of Ce0.2Zr0.8O2 nanoparticles.  A) Micrograph of Ce0.2Zr0.8O2  
nanoparticles (magnification 100 kX, scale bar 20 nm).  B) Micrograph of 
Ce0.2Zr0.8O2 nanoparticles (magnification 200 kX, scale bar 10 nm).  C) SAD pattern 
of Ce0.2Zr0.8O2 nanoparticles.  The bright contrasts in the images are the accumulation 
of scattered electrons.  The contrast of the ring is not strong due to the residual 
surfactants on particle surface. 

 

74 



 

 

Figure 5-7.  TEM micrographs of ZrO2 nanoparticles.  A) Micrograph of ZrO2  nanoparticles 
(magnification 50 kX, scale bar 50 nm).  B) Micrograph of ZrO2 nanoparticles 
(magnification 200 kX, scale bar 10 nm).  C) Micrograph showing the lattice fringes 
of ZrO2 nanoparticles.  The fringes imply the highly ordered crystallinity of 
nanoparticles (magnification 600 kX, scale bar 5 nm).  D) SAD pattern of ZrO2 
nanoparticles.  The bright contrasts in the images are the accumulation of scattered 
electrons, therefore the ordered ring patterns indicate the polycrystalline materials 
detected in the TEM electron beam. 
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Table 5-1.  Particle sizes of CexZr1-xO2 nanoparticles averaged from 50 arbitrary selected 
particles in TEM micrographs. 

 
§The mean particle size of Ce0.2Zr0.8O2 was measured from 10 arbitrary selected particle images 
due to the limited resolution in TEM micrographs. 
 

5.3 XRD Results and Discussion 

Figure 5-8 shows the XRD spectra of synthesized CexZr1-xO2 nanoparticles (x = 0, 0.2, 0.4, 

0.6, 0.7, 0.8, 1.0).  In Figure 5-8, each individual peak in the XRD spectrum of CeO2 

nanoparticles fit to the corresponded XRD spectra of crystalline CeO2.  The peaks (111) in CeO2, 

Ce0.8Zr0.2O2, Ce0.7Zr0.3O2, and Ce0.6Zr0.4O2 slightly shift to a higher diffraction angle, which is a 

result of lattice expansion.  The shift of peaks (111) corresponds to the reported spectra, and is an 

evidence of solid solutions throughout the nanoparticles.  The tetragonal feature appears in the 

XRD spectrum of CeO2, Ce0.8Zr0.2O2, Ce0.7Zr0.3O2, and Ce0.6Zr0.4O2 nanoparticles, which is a 

feature of phase transformation from cubic to tetragonal crystal structure.  From XRD spectra, 

we conclude that CeO2, Ce0.8Zr0.2O2, Ce0.7Zr0.3O2, Ce0.6Zr0.4O2 nanoparticles have cubic fluorite 

structure, and the phase transformation occurred when more than 40% of zirconium ions doped 

in the solid solution.  The results correspond to crystal structures a well as phase transformation 

of CexZr1-xO2 nanoparticles (x = 0.6-1.0) reported by Zhang et al. [75].  However, the XRD 
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spectra of CexZr1-xO2 nanoparticles with more than 60% of zirconium dopants do not correspond 

to the results reported in the other literatures [36,75].  In the nanoparticles synthesized in our 

laboratory, the broadened XRD spectra of Ce0.4Zr0.6O2, Ce0.2Zr0.8O2, and ZrO2 nanoparticles 

show mixed crystal structures in these nanoparticles.  The position of the two major peaks 

matches the reported XRD spectra of cubic fluorite, tetragonal and monoclinic crystal structures.  

Thus, we assume that Ce0.4Zr0.6O2, Ce0.2Zr0.8O2, and ZrO2 nanoparticles are mixtures of cubic, 

tetragonal, and monoclinic structures. 

 

 

Figure 5-8.  XRD spectra of a series of CexZr1-xO2 nanoparticles (x= 0, 0.2, 0.4, 0.6, 0.7, 0.8, 
1.0).  The XRD spectrum of CeO2 crystalline is plugged in the bottom to show the 
correspondence of XRD between synthesized CeO2 and reference data.  The 
tetragonal feature (t) appears and increases when more zirconium doped into the solid 
solutions, indicating phase transformation in the series of nanoparticles. 
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The crystallite size of CeO2 nanoparticles is determined by XRD spectra associated with 

Scherrer’s equation, and the crystallite size is calculated to be 3.7±0.2 nm by averaging the 

values obtained from XRD peaks (111), (200), (220).  The crystallite size corresponds to particle 

size determined by TEM micrographs, and the results implied that each nanoparticle is of a 

single crystallite.  Accordingly, the crystallite sizes of Ce0.8Zr0.2O2 and Ce0.7Zr0.3O2 nanoparticles 

that obtained from their XRD peaks (111), (200), (220) are 2.0±0.07 nm and 3.4±0.2 nm, 

respectively.  However, the Ce0.6Zr0.4O2, Ce0.4Zr0.6O2, Ce0.2Zr0.8O2, and ZrO2 nanoparticles have 

broadened XRD spectra, therefore Scherrer’s equation is not suitable to calculate the crystallite 

sizes of these samples. 

5.4 Raman Results and Discussion 

To identify the phases in CexZr1-xO2, there are six distinct Raman shifts being used.  The 

shift of each peak may be unique in the samples that prepared in different synthesis methods, 

heat treatment, or particle size, therefore, we adopted the wave numbers in Raman spectra that 

reported by Zhang et al. [75] in this dissertation.  Figure 2-6(b) is the Raman spectra of CexZr1-

xO2 solid solutions adopted from Zhang’s work.  The numbers in the figure represent the features 

for identifying c, t, t’, or t” phases.  In order to simplify the classification, the indications of each 

peak are listed in  

Table 5-2, where peak 4 is a strong peak pointing toward the main cubic structure; peaks 1-

3 represent the tetragonal distortion in the lattice; peaks 5, 6 contributed by defects and oxygen 

displacements that distort the cubic structure.  Briefly, by identifying the intensity of Raman shift 

peak 4 and peaks 1-3, it is possible to identify metastable t” phase in cubic fluorite structure and 

phase transformation from cubic to tetragonal structure in CexZr1-xO2 nanoparticles. 
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Table 5-2.  Crystal structures and their sub-phases in CexZr1-xO2, and the classification using 
Raman spectroscopy. 

 

 
Figure 5-9 shows Raman spectra of commercial 7 nm, 40 nm CeO2 nanoparticles, and a 

series of synthesized CexZr1-xO2 nanoparticles.  Due to instrumental limitation, the Raman shifts 

in this work was detected down to 200 cm-1. 

The Raman spectra of commercial 7 nm, 40 nm, and synthesized CeO2 nanoparticles are 

shown in Figure 5-9(a).  According to their Raman spectra, commercial CeO2 nanoparticles and 

synthesized CeO2 nanoparticles have a very strong peak 4, so their crystal structures are based on 

cubic fluorite structure.  In the Raman spectra of synthesized CeO2 nanoparticles peaks 3, 5, and 

6 are noted, so t” phase also exists in the system.  This is the result of lattice distortion, due to 

the residual lattice stress formed in the synthesis, in which the exemption of heat treatment 

caused the phenomenon. 

From Figure 5-9(a) to (d), peak 4 in Raman spectra was observed, although the intensity of 

peak 4 decreases with increasing zirconium dopants.  The results suggest, first, samples CeO2, 

Ce0.8Zr0.2O2, Ce0.7Zr0.3O2, and Ce0.6Zr0.4O2 have cubic structure.  Second, the cubic structure in 

these samples was distorted by zirconium dopants, while the cubic feature (peak 4) gradually 

diminished with increasing zirconium dopants.  Meanwhile, peaks 3, 5, and 6 remain constant in 

these samples, indicating greater portion of t” phase appearing in the cubic based structure when 

more zirconium ions were doped into the solid solution.  In general, t” phase is a metastable 
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phase in cubic structure, and the axial ratio of its lattice structure equals to one.  In conclusion, 

CeO2, Ce0.8Zr0.2O2, Ce0.7Zr0.3O2, and Ce0.6Zr0.4O2 have cubic structures, and the ratio of 

metastable cubic phase (t”) increases when more and more zirconium doped in the crystal 

structure.  Comparing to the characterization of the same materials that were conducted by 

Zhang et al., it is noted that the metastable t” phase appears in the undoped CeO2 nanoparticles.  

The early appearing t” phase conflicts the results reported by Zhang et al. [78].  It is believed 

that the metastable t” phase in CexZr1-xO2 nanoparticles with lower zirconium dopants is a result 

of lattice distortion.  Due to the lack of heat treatment, the residual stress in CexZr1-xO2 

nanoparticles may cause lattice distortion. 

In Figure 5-9(e), peak 4 disappears while peaks 3, 5, 6 remain sound in the Raman spectra.  

The vanished peak 4 is a sign of phase transition from cubic to tetragonal.  At this state, the axial 

ratio of crystal structure in samples Ce0.4Zr0.6O2 becomes greater than one and its crystal lattice 

no longer belongs to cubic but rectangular.  From Figure 5-9(e) to (g), none or weak peak 4 was 

observed in the Raman spectra, and peaks 3, 5, 6 remain constant while more and more 

zirconium dopants in the materials.  Furthermore, peak 2 arises while more than 80% of 

zirconium ions doped in the lattice.  Perhaps, the rising peak 2 represents phase transition from 

metastable t’ to t phase.  In conclusion, the results suggest that Ce0.4Zr0.6O2, Ce0.2Zr0.8O2, and 

ZrO2 nanoparticles are no longer in cubic structure.  Instead, they are tetragonal in structure, and 

their axial ratio of lattice is greater than one. 
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Figure 5-9.  Raman spectra of CexZr1-xO2 nanoparticles.  A) commercial 7 nm CeO2, 40 nm 
CeO2, and synthesized CeO2 nanoparticles.  B) Ce0.8Zr0.2O2.  C) Ce0.7Zr0.3O2.  D) 
Ce0.6Zr0.4O2.  E) Ce0.4Zr0.6O2.  F) Ce0.2Zr0.8O2.  G) synthesized ZrO2.  H) commercial 
ZrO2 nanoparticles (shown in the following page).  The numbers marked in the 
spectra were defined in previous paragraph. 
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Figure 5-9.  Continued. 

 
5.5 Summary of TEM, XRD, Raman Results 

5.5.1 Crystalline CexZr1-xO2 Nanoparticles with Homogeneous Particle Size 

From the lattice fringes, diffraction patterns in TEM images, and defined peaks in XRD 

spectra, it can be concluded that CexZr1-xO2 nanoparticles prepared by reverse micelle synthesis 

method are crystalline in nature.  In addition, the defined Raman shifts in CexZr1-xO2 

nanoparticles support the conclusion that these CexZr1-xO2 nanoparticles are crystalline in nature.  

Although other studies have shown that CexZr1-xO2 nanoparticles precipitated in other reverse 

micelle systems were amorphous and heat treatments were preferred, we have been able to 

perform an improved, more confined reverse micelles system that allows improving crystallinity 

of the final products.  Observed in TEM, all samples synthesized in the particular reverse micelle 

system are homogeneous in size, and their particle sizes are around 3-7 nm in diameters. 

5.5.2 Phase Transition Detected by XRD and Raman Spectroscopy 

In this work, the information obtained using XRD and Raman spectroscopy has provided 

credible conclusions in terms of crystal structures as well as sub-structures of the lattice.  Using 

82 



 

83 

XRD, it is found that CeO2, Ce0.8Zr0.2O2, Ce0.7Zr0.3O2, and Ce0.6Zr0.4O2 nanoparticles have cubic 

fluorite structure, while Ce0.4Zr0.6O2, Ce0.2Zr0.8O2, and ZrO2 nanoparticles have complex 

structures which mixed with cubic fluorite, tetragonal, and monoclinic structures.  Perhaps the 

mixed crystal structures in Ce0.4Zr0.6O2, Ce0.2Zr0.8O2, and ZrO2 nanoparticles are a result of 

residual stress in the lattice due to exempted heat treatment.  Using Raman spectroscopy, the 

phase transformation from cubic to tetragonal was found when more than 60% of cerium ions 

were replaced with zirconium dopants.  In addition, it is found that the more metastable cubic 

phase t” were formed when the concentration of zirconium dopants increased in the lattice.  The 

portion of t” phase finally no longer sustained in cubic structure, so the metastable t” phase 

finally transformed to tetragonal structure.  The crystal structure as well of its sub-structure of 

CexZr1-xO2 nanoparticles can be identified using XRD associated with Raman spectroscopy.  In 

addition, the phase transformation, sub-phases in CexZr1-xO2 nanoparticles can be detected by 

comparing the shifted peaks of Raman spectra. 

 



 

CHAPTER 6 
FREE RADICAL SCAVENGING BY CERIUM-ZIRCONIUM OXIDE NANOPARTICLES 

It is hypothesized that free radical scavenging in CeO2 nanoparticles is a consequence of 

catalysis, and the scavenging activity of CeO2 nanoparticles can be improved structurally by 

doping zirconium into lattice.  To demonstrate our hypothesis is correct, the scavenging activities 

of CexZr1-xO2 nanoparticles shall be tested and the obtained activities will be used to compare the 

reported OSC in the same materials.  By doing so, it may help to understand the scavenging 

mechanism carried out by CexZr1-xO2 nanoparticles.  In addition, the scavenging mechanism of 

these nanoparticles can be promoted further, according to the obtained knowledge. 

In this chapter, two of ROS, hydrogen peroxide and superoxide radicals, will be used to 

probe the scavenging activities of CexZr1-xO2 nanoparticles.  It is because these two oxygen 

species are very influential ROS in biological systems, and do play essential roles in cell 

metabolism as well as apoptosis.  To successfully test nanoparticle’s scavenging activities, 

several innovative methodologies are applied in this dissertation.  These innovative 

methodologies are assays that based on biochemical reactions, and these assays are the first time 

used to evaluate a metal oxide catalyst’s activity at room temperature.  At the end of this chapter, 

the free radical scavenging activities of CexZr1-xO2 nanoparticles as well as the scavenging 

mechanism will be discussed based on the structural properties of CexZr1-xO2 nanoparticles. 

6.1 Prospective Scavenging Activities in CexZr1-xO2 Nanoparticles 

As aforementioned, free radical scavenging mechanism carried out by CexZr1-xO2 

nanoparticles is a result of surface oxygen exchange.  Based on the hypothetic mechanism 

proposed in Figure 2-2, there are two prerequisites in the scavenging.  First is that the transition 

of oxygen species only occur when mobile electrons available in the lattice.  Second is that the 

exchange only occur when oxygen vacancies present in the lattice.  According to the 
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understanding, a model that is available to describe free radical scavenging by CexZr1-xO2 

nanoparticles is illustrated in Figure 6-1. 

Since the available mobile electrons can be provided by oxygen vacancies in the lattice, the 

scavenging activities of CexZr1-xO2 nanoparticles likely are limited by the concentration of 

oxygen vacancies in the lattice.  The concentration of oxygen vacancies in CeO2-based materials 

is reported to be proportional to their OSC.  Therefore, we can presume that free radical 

scavenging activities of CexZr1-xO2 nanoparticles follow the level of OSC in the same materials.  

Fortunately, OSC of CexZr1-xO2 have been reported, and Figure 6-2 is reproduced from the paper 

published by Descorme et al. [62].  Since the catalytic activity of CeO2 nanoparticles can be 

promoted up to four times by incorporating 20-40 % of zirconium dopants, it is prospected to 

have four times of greater scavenging activities in CexZr1-xO2 nanoparticles than in undoped 

CeO2 nanoparticles. 

 

 

Figure 6-1.  Hypothesized scheme of free radical scavenging by CexZr1-xO2 nanoparticles. 
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Figure 6-2.  OSC of CexZr1-xO2 measured a pulse chromatographic system at 400 ºC.  Figure 
reproduced from [62]. 

 
6.2 Activities against Hydrogen Peroxide 

Among the reactive oxygen species, hydrogen peroxide and superoxide radicals are the 

most influential ROS in metabolism as well as programmed cell death.  Both of them have been 

widely discussed and their concentrations have been directly measured in biological systems [1].  

The concentrations of hydrogen peroxide in biological systems were even used to represent the 

levels of endogenous oxidative stress or even cell culture’s viability [1].  In this chapter, CexZr1-

xO2 nanoparticles’ scavenging activities against hydrogen peroxide at physiological level are 

presented.  This level of hydrogen peroxide is selected to mimic the efficiency of these 

nanoparticles in biological systems. 

6.2.1 Experimental Methods 

To test hydrogen peroxide scavenging, hydrogen peroxide solutions were mixed with 

CexZr1-xO2 (x= 0, 0.2, 0.4, 0.6, 0.7, 0.8, 1.0) suspensions and the residual peroxide concentration 
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over time was evaluated.  Peroxide concentrations in each sample were determined using an 

Amplex® red hydrogen peroxide/peroxidase assay kit (Cat. # A22188, Invitrogen™).  The 

principle to measure hydrogen peroxide is illustrated in Figure 6-3.  The Amplex® reagents were 

prepared according to manufacturer’s instructions.  To prepare samples for activity tests, 100 µl 

of 200 µM CexZr1-xO2 suspensions were prepared in a 96-wells plate (Corning Inc.).  A small 

amounts of substrate hydrogen peroxide was titrated into 0.25 M phosphate buffer (pH = 7.4), 

forming 100 µM hydrogen peroxide.  To initiate the free radical scavenging tests, 100 µl of 100 

µM hydrogen peroxide solutions were pipetted into each well at the designated time.  The 

reactions were finally stopped by introducing enzyme horse radish peroxidase and Amplex® 

reagents into each well at the designated reaction time.  The Amplex® reagents were also diluted 

using 0.25 M phosphate buffer.  Each sample’s peroxide concentration was determined by 

measuring the optical density of the red product, resorufin, at 570 nm absorbance.  Optical 

density measurements were made using Synergy HT multi-detection microplate reader (BioTech 

Instruments Winooski, VT). 

 

 

Figure 6-3.  Detection scheme used to determine the peroxide concentration in activity tests.  
Colorless Amplex® Red reagent (10-acetyl-3,7-dihydroxyphenoxazine) reacts with 
peroxide, forming red resorufin.  The reaction is catalyzed by enzyme horse radish 
peroxidase. 
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6.2.2 Results and Discussion 

The free radical scavenging efficiency of CexZr1-xO2 nanoparticles are determined by 

measuring the reduction of 50 µM hydrogen peroxide solutions in 100 µM CexZr1-xO2 

suspensions over time.  Figure 6-4(a) shows the peroxide concentration decreased by a series of 

CexZr1-xO2 nanoparticles over time.  Figure 6-4(b) shows the residual hydrogen peroxide 

concentration divided by initial peroxide concentration in natural logarithmic scale.  In Figure 6-

4(a), it is obvious that Ce0.7Zr0.3O2 and Ce0.6Zr0.4O2 nanoparticles exhibited the most efficient 

radical scavenging property, while Ce0.4Zr0.6O2, Ce0.8Zr0.2O2 exhibited moderate efficiency and 

CeO2, Ce0.2Zr0.8O2 exhibited the lowest efficiency.  There is no significant peroxide 

concentration change in the sample of ZrO2 nanoparticles.  In Figure 6-4(b), the slope of each 

profile represents the hydrogen peroxide scavenging activities of each sample.  From high to 

low, the rankings of peroxide scavenging activities in CexZr1-xO2 nanoparticles are Ce0.7Zr0.3O2, 

Ce0.6Zr0.4O2, Ce0.4Zr0.6O2, Ce0.8Zr0.2O2, CeO2, Ce0.2Zr0.8O2, commercial CeO2, and ZrO2, 

respectively. 

According to the free radical scavenging mechanism illustrated in Figure 2-2, the 

scavenging mechanism of hydrogen peroxide can be summerized in Equation (6-4).  It is: the 

adsorption/desorption of peroxide, the transition of peroxide to oxygen ions, and finally the 

diffusion of oxygen ions into oxygen vacancies in the lattice.  The oxygen vacancies are then 

restored by emitting lattice oxygen molecules.  To evaluate the scavenging activities of CexZr1-

xO2 nanoparticles, we then simplify Equation (6-4) to Equation (6-5).  In Equation (6-3), κ1, κ-1, 

and κt, refer to the adsorption constant, desorption constant, catalytic rate constant, respectively.  

The initial condition in each sample is the same and hydrogen peroxide concentration in each 

sample is very diluted, thus we are able to ignore the influences from adsorption/desorption (κ1/κ-

1) in the reactions.  Therefore, the scavenging activities (i.e. effective rate constant) K can be 
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calculated using Equation (6-7).  The scavenging activity K of each CexZr1-xO2 samples is shown 

in Figure 6-5 in terms of Ce/Zr molar ratios. 

 

 

Figure 6-4.  A) shows the peroxide concentration in the presence of 7 nm commercial CeO2 and 
synthesized CexZr1-xO2 nanoparticles over time.  B) shows the natural logarithmic 
values of the peroxide concentration divided by initial peroxide concentration.  The 
slopes of profiles in B represent the peroxide radical scavenging efficiency. 
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Figure 6-4.  Continued. 
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Figure 6-5.  The effective scavenging efficiency K of CexZr1-xO2 nanoparticles (bar diagram) vs. 

OSC (■) and the amount of superoxide radicals (▲) detected on CexZr1-xO2 
nanoparticles.  The error bars represent the standard deviations of effective 
efficiencies between each data points [62]. 

 
According to the activity tests, the hydrogen peroxide scavenging activities in CexZr1-xO2 

nanoparticles is enhanced by doping zirconium ions into CeO2 lattice.  More importantly, the 
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scavenging activities of CexZr1-xO2 correlates to the magnitudes of OSC measured by pulse 

chromatographic system [62].  In Figure 6-5, we show that the scavenging activities increase 

with the amounts of zirconium dopants in CeO2 lattice.  The scavenging activity increases to 

maximum in Ce0.7Zr0.3O2 nanoparticles, and gradually decreases when more than 40% of cerium 

ions are substituted.  There is no distinguishable peroxide radical scavenging property observed 

in the case of pure ZrO2 nanoparticles.  On the other hand, OSC measured at 400 ºC increases to 

the highest level when 20% to 40% of cerium ions were substituted; then OSC dropped gradually 

when more cerium ions were replaced; finally OSC totally diminished in pure ZrO2 

nanoparticles.  In addition, the scavenging activity of Ce0.7Zr0.3O2 nanoparticles is four times 

greater compared to the undoped CeO2 nanoparticles, corresponding to the same enhancement 

that occurred in Ce0.63Zr0.37O2 nanoparticles in respect to OSC [48,62].  According to the 

correlation, the nanoparticle concentrations utilized to evaluate the effective free radical 

scavenging efficiencies can be replaced by the concentration of active sites.  Equation (6-8) 

shows that the enhanced free radical scavenging efficiency in CexZr1-xO2 is a consequence of 

improved lattice oxygen vacancies.  The correspondence between the free radical scavenging 

efficiency and the magnitude of OSC confirms the idea that free radical scavenging is mediated 

by oxygen vacancies.  Also, the results deliver a message that the enhanced free radical 

scavenging activities are achieved by manipulating oxygen vacancies in the CeO2 lattice. 
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It is worth to note that CexZr1-xO2 nanoparticles may also exhibit greater superoxide radical 

scavenging properties compared to the undoped CeO2.  It has been demonstrated that CeO2 

nanoparticles exhibited superoxide dismutase mimetic properties, and their catalytic activity is 

comparable to enzyme superoxide dismutase [66].  Yet the greater superoxide radical scavenging 
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properties in CexZr1-xO2 nanoparticles will be demonstrated later.  Prior to this work, we found 

that Descorme et al. had detected larger amounts of superoxide radical adsorption on CexZr1-xO2 

nanoparticles than on the undoped CeO2, even at room temperature.  Importantly, the superoxide 

radical adsorption on CexZr1-xO2 surfaces also corresponds to the magnitude of OSC in CexZr1-

xO2 nanoparticles (shown in Figure 6-5) [62]. 

In summary, their activities were tested in a 50 µM hydrogen peroxide solution in order to 

investigate their free radical scavenging efficiency in biological systems.  The free radical 

scavenging activities of these CexZr1-xO2 nanoparticles is enhanced up to four times in 

Ce0.7Zr0.3O2 nanoparticles and gradually decreased when tetragonal phase appear in the 

structures.  The effective free radical scavenging activities of CexZr1-xO2 nanoparticles correlates 

to the magnitude of OSC in the same materials, where OSC is used to evaluate oxygen vacancy 

concentration in metal oxide catalysts.  The correlation confirmed that CexZr1-xO2 nanoparticles 

scavenge hydrogen peroxide through the exchange of peroxide ions and lattice oxygen, and the 

scavenging activities are mediated by oxygen vacancies in the lattice.  As consequence, the 

enhanced free radical scavenging properties of CeO2 nanoparticles are achieved by increasing 

oxygen vacancies in the lattice through doping zirconium into CeO2 nanoparticles.  The 

improvement is as great as four times compared to the undoped CeO2. 

6.3 Activities against Superoxide Radicals 

In this section, the scavenging activities of CexZr1-xO2 nanoparticles are tested against 

superoxide radicals.  Different to hydrogen peroxides, superoxide radicals are defined free 

radicals which have unpaired electrons.  Since the electron configurations of superoxide radicals 

are unpaired, superoxide radicals are much more reactive than hydrogen peroxide and they have 

great affinity to become hydrogen peroxides or oxygen molecules by electron exchange.  

Therefore, the half life of superoxide radicals is as short as 0.05 second at high concentrations.  
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Perhaps, the damage caused by superoxide radicals to biological systems may be more influential 

than hydrogen peroxide due to their reactivity [1]. 

6.3.1 Experimental Methods 

Due to the short half life of superoxide radicals, it is important to generate this species 

continuously in the activity tests.  To generate the designed radicals, we used hypoxanthine and 

enzyme xanthine oxidase to produce superoxide radicals, hydrogen peroxide, and uric acids.  The 

hydrogen peroxide produced in this reaction is then removed by adding large amounts of enzyme 

CAT, in order to prevent the effects from hydrogen peroxide.  The reaction used to generate 

superoxide radicals is illustrated in Figure 6-6. 

 

 
Figure 6-6.  Superoxide radicals produced by hypoxanthine and xanthine oxidase. 

 
To detect the presence of superoxide radicals, a water soluble compound, sodium salt of 4-

[3-4iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1, Dojindo), 

is used as a superoxide probe.  Only react with superoxide radicals, WST-1 salts become an 

irreversible, water-soluble formazan dye (shown in Figure 6-7).  The dye formation can be 

observed at around 450 nm with the maximum density at 438 nm spectrophotometrically [89], 

and is not affected by the generation of hydrogen peroxide in the reaction.  In this study, the 

formation of formazan dye is observed using two techniques, UV-Vis (UV/Vis - Perkin-Elmer 

Lambda 800) and microplate reader.  UV-Vis spectroscopy and microplate reader are both 
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spectrophotometric basis; however, comparing to microplate reader UV-Vis is a technique with 

higher resolution and allows measuring the dye formation continuously. However, the 

application of UV-Vis is limited by the numbers of samples that can be measured.  Therefore, the 

technique based on microplate reader is engaged in order to test multiple samples 

simultaneously. 

 

 

Figure 6-7.  Principle of WST-1 assay to detect superoxide radicals [90]. 

 
For the samples prepared for UV-Vis, 0.5 mM EDTA (Aldrich), 0.5 mM hypoxanthine 

(Aldrich), 9.65 mU/ml xanthine oxidase (Invitrogen), 0.5 mM WST-1, and 1 mM CexZr1-xO2 

nanoparticle suspensions (x = 0, 0.4, 0.6, 0.7, 0.8, 1.0) were prepared in 100 mM phosphate 

buffer (pH = 7.4, Aldrich) as stock solutions.  Two hundreds micro-liters of each stock solution 

except hypoxanthine stock solution were titrated into a 1 ml cuvette, i.e. EDTA, xanthine 

95 



 

oxidase, WST-1, and nanoparticle suspension.  To initiate the reaction, 200 μl of hypoxanthine 

stock solution was titrated into the cuvette in order to generate superoxide radicals.  The total 

concentrations of CexZr1-xO2 nanoparticle suspensions were then diluted to 200 μM in the 

reactions.  The dye formation was detected by UV-Vis at 450 nm.  The absorbance was recorded 

and shown in Figure 6-11.  In order to obtain the reaction rate constants of CexZr1-xO2 

nanoparticle against to superoxide radicals, another sample prepared with enzyme SOD (Cat. 

#190117, MP Biomedical LLC) was repeated instead of nanoparticle suspensions.  In the 

experiment, various stock solutions with SOD concentrations (0.25, 0.5, 1, 5, 10, 100 U/ml) were 

mixed in the cuvettes instead of 1 mM CexZr1-xO2 nanoparticle suspensions.  The total 

concentrations of enzyme SOD were then diluted to 0.05, 0.1, 0.2, 1.0, 2.0, 20 unit/ml in the 

reactions.  The stock solutions, their final concentrations, and experimental procedures are 

illustrated in Figure 6-8. 
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Figure 6-8.  Experimental arrangement of stock solution concentrations, total concentrations, and 
experimental procedures. 

For the samples prepared for microplate reader, different nanoparticle concentrations were 

tested in the setups with various superoxide production rates.  The superoxide radical production 

rates were controlled by the amounts of enzyme xanthine oxidase in the reactions.  In the 

standard radical production rate, the total concentration of 1.93 mU/ml xanthine oxidase was 

used.  However, the reaction may take too long to complete.  To conquer this disadvantage, the 

other two tests with five times (5X) and twenty-five times (25X) of xanthine oxidase (i.e. 9.65 

mU/ml and 48.25 mU/ml in total) were repeated using the same experimental procedures. 

In the test with standard superoxide production rate (i.e. 1.93 mU/ml xanthine oxidase in 

total), 0.5 mM EDTA, 0.5 mM hypoxanthine, 9.65 mU/ml xanthine oxidase, and 0.5 mM WST-1 

were prepared in 100 mM phosphate buffer (pH = 7.4) as stock solutions.  The control samples 

were a series of enzyme SOD with different concentrations.  They were 0.01, 0.05, 0.1, 0.5, 1.0, 

2.5, 5.0, 10, 20, 50 U/ml SOD prepared in phosphate buffers.  The total concentration of SOD in 

the reaction therefore was divided by five, which were 0.002, 0.01, 0.02, 0.1, 0.2, 0.5, 1.0, 2.0, 

4.0, 10 U/ml.  The samples of our interest were CexZr1-xO2 nanoparticle suspensions (x = 0, 0.4, 

0.6, 0.7, 0.8, 1.0) with three different concentrations.  The nanoparticle concentrations were 0.05, 

0.25, 1.0 mM in stock solutions, therefore the total concentrations in the test were 0.01, 0.05, 0.2 

mM.  After the stock solutions were prepared, 50 µl of tested samples, control samples, and other 

stock solutions (except hypoxanthine solution) were titrated in a 96 well microplate (Corning, 

NY) accordingly.  Finally, 50 µl of hypoxanthine solutions were titrated into each well quickly in 

order to initiate the reaction.  The plate was then placed in microplate reader to read the optical 

density (absorbance) at 450 nm.  Figure 6-9 shows the arrangement of sample preparation in 

microplate and the concentration of each stock solution in the plate. 
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The activity tests underwent in higher superoxide production rates were carried out under 

similar protocols.  The concentrations of xanthine oxidase that was used to procede different 

superoxide production rates were increased from 1.93 mU/ml to 9.65 mU/ml and 48.25 mU/ml 

in total. 

 

 

Figure 6-9.  The setup of stock solutions and their concentrations in a 96-wells microplate. 

 
6.3.2 Results and Discussion 

Figure 6-10 shows the results of activity tests using UV-Vis.  In Figure 6-10, each profile 

represents the absorbance of each sample over time.  The absorbance readings are results of 

formazan dye formation, which are caused by the interaction of WST-1 and superoxide radicals.  

Thus, the dropped optical density in the control sample is a result of protection received from 

enzyme SOD.  The inhibition from dye formation represents the enzyme activity, so the 
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inhibition is used to calculate the rate constants in the reaction.  In Figure 6-10, the inhibition to 

dye formation is SOD concentration dependent.  The samples with 1 U/ml or higher 

concentration of enzyme SOD achieved 100% protection, while the different percentage of 

protection is distinguishable in the diagram. 

Figure 6-11 shows the results of the same experimental setups but CexZr1-xO2 nanoparticles 

were used to scavenge superoxide radicals instead of enzyme SOD.  In Figure 6-11, Ce0.4Zr0.6O2 

has greater inhibition percentages to dye formation, indicating a greater superoxide scavenging 

activity.  Also, ZrO2 has no significant superoxide scavenging activity, while CeO2 has the 

lowest activity among all the CeO2-based nanoparticles.  The rankings of superoxide scavenging 

activity in CexZr1-xO2 nanoparticles are listed as follow according to the results in Figure 6-11. 

2222.08.023.07.024.06.026.04.0 ZrOCeOOZrCeOZrCeOZrCeOZrCe >>>>>  

 The results can be concluded that zirconium dopants in CeO2 nanoparticles prompt the 

scavenging activities against superoxide radicals.  The scavenging activities in CexZr1-xO2 

nanoparticles become zirconium dopants dependent but not oxygen vacancy concentration 

dependent. 

Figure 6-12 shows the results of activity tests measured by microplate reader.  The 

superoxide radicals in this test were produced by 1.93 mU/ml xanthine oxidase and 0.1 mM 

hypoxanthine.  Each data point was the average of three different measurements, and the 

standard errors were included in the marks.  Figure 6-12(a) shows the inhibition to dye formation 

in samples with enzyme SOD.  In Figure 6-12(a), it is obvious that the inhibition to dye 

formation is SOD concentration dependent.  The SOD concentrations greater than 0.5 U/ml 

totally inhibit dye formation made by superoxide radicals.  In Figure 6-12(b), inhibition to dye 

formation also occurred as 200 µM CexZr1-xO2 nanoparticles were involved in the reaction.  
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According to the profiles, Ce0.4Zr0.6O2 nanoparticles exhibit the greatest superoxide radical 

scavenging activity, and the activities of CexZr1-xO2 nanoparticles decrease as fewer dopants 

incorporated in the solid solutions.  In contrast to the CeO2-based nanoparticles, ZrO2 

nanoparticles exhibited none or indistinguishable scavenging activity.  In Figure 6-12(c) and (d), 

inhibition to dye formation is reproducible when lower nanoparticle concentrations present in the 

reaction.  50 µM and 10 µM CexZr1-xO2 nanoparticles also performed distinguishable scavenging 

activity against superoxide radicals; however, the protections were not as efficient as in the 

systems of 200 µM Ce0.4Zr0.6O2 nanoparticles.  According to the results in Figure 6-12, it can be 

concluded that the rankings of superoxide scavenging activity in CexZr1-xO2 nanoparticles are, 

2222.08.023.07.024.06.026.04.0 ZrOCeOOZrCeOZrCeOZrCeOZrCe >≥>>>  

The scavenging activities of CexZr1-xO2 nanoparticles are zirconium dopants dependent.  

The results correspond to the observation in experiments carried out by UV-Vis. 

The same experiment was reproduced with higher xanthine oxidase concentrations (9.65 

and 48.25 mU/ml) in order to shorten the reaction time.  The results are shown in Figure 6-13 

and Figure 6-14.  In Figure 6-13 and Figure 6-14, the results are reproducible compared to that of 

1.93 mU/ml xanthine oxidase.  The scavenging activities of CeO2 and Ce0.8Zr0.2O2 are very 

close, while very limited scavenging activity was observed in ZrO2 samples.  The superoxide 

radical scavenging activities of CexZr1-xO2 nanoparticles are ranked as follow, 

2222.08.023.07.024.06.026.04.0 ZrOCeOOZrCeOZrCeOZrCeOZrCe >≥>>>  
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Figure 6-10.  The results of activity test obtained using UV-Vis.  A series of enzyme SOD with 
different concentrations (total concentration) protected WST-1 salts against 
superoxide radicals.  The higher the absorbance indicates the more formazan 
formation caused by superoxide radicals. 
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Figure 6-11.  The results of activity tests obtained using UV-Vis.  A series of 200 µM CexZr1-xO2 
nanoparticles (x = 0, 0.4, 0.6, 0.7, 0.8, 1.0) with different concentrations protected 
WST-1 salts against superoxide radicals.  The higher the absorbance indicates the 
more formazan formation caused by superoxide radicals.  The results have shown that 
CexZr1-xO2 nanoparticles exhibit extraordinary scavenging properties against 
superoxide radicals. 
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Figure 6-12.  The results of activity tests measured by microplate reader.  A) shows the inhibition 
to dye formation in samples with enzyme SOD.  B) in samples with 200 µM CexZr1-

xO2 nanoparticles.  C) in samples with 50 µM CexZr1-xO2 nanoparticles.  D) in 
samples with 10 µM CexZr1-xO2 nanoparticles.  The superoxide radicals in all samples 
were produced by 1.93 mU/ml xanthine oxidase and 0.1 mM hypoxanthine.  Each 
data point was the averaged result of three samples. Standard errors are shown in each 
data point; however most of the error bars are smaller than the marks. 
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Figure 6-12.  Continued. 
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Figure 6-13.  The results of activity tests measured by microplate reader.  A) shows the inhibition 
to dye formation in samples with enzyme SOD.  B) in samples with 200 µM CexZr1-

xO2 nanoparticles.  C) in samples with 50 µM CexZr1-xO2 nanoparticles.  D) in 
samples with 10 µM CexZr1-xO2 nanoparticles.  The superoxide radicals in all samples 
were produced by 6.95 mU/ml xanthine oxidase and 0.1 mM hypoxanthine.  Each 
data point was the averaged result of three samples. Standard errors are shown in each 
data point; however most of the error bars are smaller than the marks. 
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Figure 6-13.  Continued. 
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Figure 6-14.  The results of activity tests measured by microplate reader.  A) shows the inhibition 
to dye formation in samples with enzyme SOD.  B) in samples with 200 µM CexZr1-

xO2 nanoparticles.  C) in samples with 50 µM CexZr1-xO2 nanoparticles.  D) in 
samples with 10 µM CexZr1-xO2 nanoparticles.  The superoxide radicals in all samples 
were produced by 48.25 mU/ml xanthine oxidase and 0.1 mM hypoxanthine.  Each 
data point was the averaged result of three samples. Standard errors are shown in each 
data point; however most of the error bars are smaller than the marks. 
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Figure 6-14.  Continued. 
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To calculate the reaction rate constants of CexZr1-xO2 against superoxide radicals, a method 

to compare the inhibition percentages of CexZr1-xO2 nanoparticles and enzyme SOD is adopted. 

The inhibition rate is perceived using the equation in the follow, 
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AAAA

rateinhibitionActivity  (6-6) 

 

Where A represents the absorbance or optical density of samples or blanks in each well.  

The denominator in the equation represents the increasing amounts of dye formation in the 

absence of samples but with superoxide radicals in the reactions.  The numerator in the equation 

represents the inhibition due to tested samples (i.e. enzyme SOD or CexZr1-xO2 nanoparticles) in 

the presence of superoxide radicals.  Thus, the equation is to show the inhibition percentage of 

dye formation when the tested samples involved in superoxide radical production.  To obtain the 

rate constant, the amounts of enzymes or nanoparticle concentrations that are required to achieve 

50% of inhibition are compared.  Using the comparative method, the reaction rate constants of 

CexZr1-xO2 nanoparticles can be obtained according to the reaction rate constant of SOD, 1.3-

2.8Χ109 M-1s-1 (at pH = 7.2, M.W. = 32,600 g/mole). 

The inhibition curve of enzyme SOD is shown in Figure 6-15, and the calculation is based on the 

results in Figure 6-12.  The concentrations for enzyme SOD and CexZr1-xO2 nanoparticles to 

achieve 50% of inhibition rate are calculated according to the results in Figure 6-12 and Figure 

6-15, and the values are shown in Table 6-1. 
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Figure 6-15.  Inhibition curves of enzyme SOD with different incubation time.  The amounts of 
SOD that achieved 50% inhibition rate is used to compare the amounts of CexZr1-xO2 
nanoparticles that has achieved the same inhibition. 

 
Table 6-1.  Concentrations for enzyme SOD and CexZr1-xO2 nanoparticles to achieve 50% of 

inhibition rate in activity test. 

 

 
Since the concentration of 1.0 U/ml SOD approximately equals to 120 nM SOD [29], the 

reaction rate constants of CexZr1-xO2 nanoparticles can be obtained using simple calculations.  

Due to the high molecular weights of SOD, it is necessary to interpret the reaction rate constant 
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into the format of (g/l)-1s-1 instead of M-1s-1.  The rate constants of all samples are shown in 

Table 6-2.  In Table 6-2, it is shown that rate constants of CexZr1-xO2 nanoparticles are even 

higher than enzyme SOD in respect to scavenging superoxide radicals.  Enzyme SOD has been 

tested to exhibit the fastest reaction rate among all enzymes, and its reaction rate is only limited 

by colloid frequency to superoxide radicals. 

 
Table 6-2.  Reaction rate constants of CexZr1-xO2 nanoparticles against superoxide radicals.  The 

kinetic analysis was measured by microplate reader using WST-1 salts in the samples 
with 1.93 mU/ml xanthine oxidase. 

 

 
In Table 6-2, it is found that zirconium dopants are able to improve superoxide radical 

scavenging activities of CexZr1-xO2 nanoparticles.  Instead of correlating to the OSC, the 

scavenging activities of CexZr1-xO2 nanoparticles actually correlate to the amounts of zirconium 

dopants in the system.  The rankings and magnitude of improvements do not correspond to the 

hypothesis. 

The results suggest that superoxide radical scavenging activities of CexZr1-xO2 

nanoparticles are correlated with the amounts of zirconium dopants in the lattice but not oxygen 

vacancy concentrations.  The results also conflict what was demonstrated in previous chapters 

that hydrogen peroxide scavenging activities of CexZr1-xO2 nanoparticles are correlated with 
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oxygen vacancy concentrations in lattices.  The differences are due to the nature of hydrogen 

peroxide and superoxide radicals.  Comparing to hydrogen peroxide, superoxide radicals are 

more active due to their unpaired electron configurations.  In the catalytic reactions with catalase 

two steps of chemical reactions are involved.  First, hydrogen peroxides donate an oxygen ion to 

the reduced catalase, forming an intermediate compound.  Second, the intermediate compound 

donates its extra oxygen ion to another hydrogen peroxide, forming water and one oxygen 

molecule.  Except the reactions contributed by electron exchange, it is notices that oxygen ions 

also involve in catalysis in the case of hydrogen peroxide.  Different to the catalysis to hydrogen 

peroxide, the catalytic reactions between superoxide radicals and enzyme SOD do not involve 

the exchange of oxygen ions.  It is, superoxide radicals only donate their unpaired electrons to 

form oxygen molecules or receive electrons to form hydrogen peroxide.  In the particular 

reaction, the scavenging to superoxide radicals are carried out through electron exchange and no 

oxygen ions are involved.  Thus, it can be concluded that the catalysis of superoxide radicals 

only contributed by the electron exchange with enzyme SOD.  However, in the case of CexZr1-

xO2 nanoparticles, the electron exchange not only contributed by oxygen vacancies, but also 

contributed by other cationic defects in the lattice. 

To further explain what species of cationic defects contribute in superoxide radical 

scavenging, it is necessary to investigate the Ce3+/Ce4+ ratios in CexZr1-xO2 nanoparticles.  Figure 

6-16 shows the Ce3+ contents and OSC in CexZr1-xO2 nanoparticles reported by Vidal et al. 

[68,69].  In Figure 6-16, the Ce3+ contents were obtained using magnetic susceptibility 

measurements through a magnetic balance under flowing H2 (5%)/He gas.  The Ce3+ contents, or 

as reduction percentages, were calculated on a [Ce3+]/[Ce3++Ce4+] basis.  According to the 

reports [68,69], zirconium dopants in the solid solutions promote reduction capability of 

112 



 

nanocrystallites.  The results are reproducible at low and high temperatures (473-973 K).  The 

results shown by Vidal et al. may provide the answer for the results that obtained in the 

superoxide radical scavenging tests. 

 

Figure 6-16.  A) Ce3+ contents and B) OSC in CexZr1-xO2 nanoparticles.  CZ100/0-HS (CeO2); 
CZ80/20-HS (Ce0.8Zr0.2O2); CZ68/32-HS (Ce0.68Zr0.32O2); CZ50/50-HS 
(Ce0.5Zr0.5O2); CZ15/85-HS (Ce0.15Zr0.85O2).  Figures reproduced from [69]. 

 
As previously mentioned, catalysis of superoxide radicals depends on electron exchange in 

the reaction.  The electron exchange relies on the conduction of electrons in the catalysis.  

Therefore, the reaction rates in catalysis of superoxide radicals depend on the mobile electronic 

carriers that are available in the scavenging.  Doping zirconium into CeO2 not only promotes the 

oxygen vacancy concentration structurally, but also promotes the Ce3+ contents and so to 

increase the electron holes.  In other words, doping zirconium into CeO2 improves superoxide 

scavenging activity due to the increased extrinsic cationic defects and nonstoichiometric oxygen 

vacancies.  The promoted mobile electronic carriers increase the reducibility of CexZr1-xO2 

catalysts [68,69].  This perspective is able to explain why more zirconium dopants in 

nanoparticles always improve their activity, and the results do not correspond to oxygen vacancy 
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concentration in CexZr1-xO2 nanoparticles.  The “active sites” in superoxide radical scavenging, 

i.e. mobile electronic carriers including oxygen vacancy, electron holes, are listed in the 

following equation.  Equation 6-13 shows that oxygen vacancies are mobile electronic carriers, 

which are contributed from nonstoichiometric defects.  Equation 6-14 shows that electron holes 

are mobile electronic carriers, electron holes, which are contributed from extrinsic defects. 

−••
−−− ++→ eVOZrCeOZrCe Oxxxx 22121 δ  (6-7) 

•
− ++++→ hCeCeCeCeOZrCe ZrCe
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X
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Here, the model to describe superoxide radical scavenging which mediated by oxygen 

vacancies in CexZr1-xO2 nanoparticles is listed in the following equations. 

221221 22 OeVOZrCeOeVOZrCe OxxOxx +++→+++ −•
−

−•−••
−  (6-9) 
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The model to describe superoxide radical scavenging which mediated by electron holes in 

CexZr1-xO2 nanoparticles is listed in the following equation. 
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In the equation described above, we understand that zirconium dopants in CexZr1-xO2 

nanoparticles improve scavenging activities both against hydrogen peroxide and superoxide 

radicals.  The improvements are dependent on the increased oxygen vacancy concentration in the 

case of hydrogen peroxide, and the improvements in the case of superoxide radicals are 

dependent on the promoted mobile electronic carriers.  The reason to make this difference is due 

to the characteristics of hydrogen peroxide and superoxide radicals.  Moreover, most 

accumulative oxidative stress occurred in biological systems relies on the transition of electrons 
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between radicals and molecules, so the optimum free radical scavengers in biological systems are 

those that have shown greater activities to remove excess electrons from free radicals.  In 

conclusion, we can hypothesize that Ce0.4Zr0.6O2 nanoparticles would be the most effective free 

radical scavengers in biological systems. 

6.4 Electron Conduction in Catalysis 

In this section, the capability for CexZr1-xO2 nanoparticles to conduct electrons in catalysis 

will be inspected and discussed, since the particular property is essential for free radical 

scavenging.  In previous section, the inhibition percentages of dye formation merely indicated 

nanoparticles’ superoxide radical scavenging activities.  The capability for CexZr1-xO2 

nanoparticles to conduct electrons in catalysis, therefore, would need solid evidence other than 

the information we acquired.  Here, we adopt a classic assay on biochemistry basis to inspect the 

electron conduction on CexZr1-xO2 nanoparticles.  The assay includes a bivalent, reversible 

conducting molecule, which is colorimetric only in its reduced state.  Thus, the rise or decline of 

optical density of this molecule would indicate its redox states.  Replace WST-1 salts in the 

methodology for scavenging activity test, the redox states of this molecule would indicate the 

capability for catalysts to conduct electrons in catalysis.  The principle of this method is shown 

in Figure 6-17.  The colorimetric molecule that used to test electron conduction on CexZr1-xO2 

nanoparticles is cytochrome c (II/III). 

 

 

Figure 6-17.  Principle of the biochemistry based assay to inspect the capability for CexZr1-xO2 
nanoparticles to conduct electrons in catalysis. 
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6.4.1 Experimental Methods 

To generate superoxide radicals, we used hypoxanthine and enzyme xanthine oxidase to 

produce the final products including superoxide radicals, hydrogen peroxide, and uric acids.  The 

hydrogen peroxide produced in such reaction is then removed by adding large amounts of 

catalase, in order to prevent the affects of hydrogen peroxide. 

To detect the electron conducted on CexZr1-xO2 nanoparticles, a reversible dye, cytochrome 

c is conducted in the experiment.  Reduced by superoxide radicals, cytochrome c forms 

cytochrome c (II), and is colorimetric at 550 nm.  In this study, the redox state of cytochrome c is 

observed using UV-Vis (UV/Vis - Perkin-Elmer Lambda 800). 

For the samples prepared for UV-Vis, a stock solution including 0.5 mM EDTA, 12.5 µM 

cytochrome c (Aldrich), in addition of 3,000 unit/ml catalase (Aldrich) is prepared as reagent 

solution.  0.5 mM hypoxanthine, 0.9 U/ml xanthine oxidase, and 1 mM CexZr1-xO2 nanoparticle 

suspensions (x = 0, 0.4, 0.6, 0.7, 0.8, 1.0) were prepared in 100 mM phosphate buffer (pH = 7.4, 

Aldrich) as stock solutions.  Before initiating the reaction, 780 μl of reagent solution, 80 μl of 

sample solution (i.e. 1 mM CexZr1-xO2 nanoparticle suspensions or 1.875 U/ml SOD samples), 

and 20 μl of xanthine oxidase stock solution were titrated into a 1 ml cuvette.  To initiate the 

reaction, 100 μl of hypoxanthine stock solution was titrated into the cuvette in order to generate 

superoxide radicals.  The total concentrations of CexZr1-xO2 nanoparticle suspensions were then 

diluted to 200 μM after all.  The dye formation was finally detected by UV-Vis at 550 nm.  The 

stock solutions used in this experiment and the experimental procedures are illustrated in Figure 

6-18.  The absorbance was recorded and shown in Figure 6-19. 
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Figure 6-18.  Experimental arrangements of stock solution concentrations and experimental 
procedures to inspect electron conduction on CexZr1-xO2 nanoparticles. 

 

 

Figure 6-19.  Redox states of cytochrome c detected using UV-Vis.  The higher the absorbance 
represents more reduced cytochrome c in the reaction.  The declined absorbance 
suggests that CexZr1-xO2 nanoparticles received electrons from the reduced 
cytochrome c in catalysis. 
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6.4.2 Results and Discussion 

In Figure 6-19, the vertical axis shows the redox states of cytochrome c.  The higher 

absorbance in the particular diagram represents more reduced cytochrome c (II) in the reaction.  

In the samples with enzyme SOD protection, the concentration of reduced cytochrome c 

increases and stays at high level.  It is because SOD merely catalyzes superoxide radicals to 

hydrogen peroxide, and the products hydrogen peroxide was immediately removed by enzyme 

CAT.  On the other hand, the samples with CexZr1-xO2 nanoparticles’ protection not only inhibit 

the formation of reduced cytochrome c, but also reverse the redox state to its initial state.  In 

these samples enzyme CAT was also involved, so the agents to reverse redox states of 

cytochrome c (from II to III) do not appear to be hydrogen peroxide.  It is because the catalysis 

from superoxide to hydrogen peroxide requires electrons, so CexZr1-xO2 nanoparticles take 

electrons from the reduced cytochrome c and react with other superoxide radicals to form 

hydrogen peroxide.  The reversed absorbance observed in UV-Vis therefore indicates the 

capability for CexZr1-xO2 nanoparticles to conduct electrons in catalysis.  In Figure 6-19, more 

zirconium dopants in CexZr1-xO2 solid solutions result in more rapid reversion in redox states.  It 

is the evidence that CexZr1-xO2 nanoparticles with more zirconium dopants exhibit greater 

capability to precede electron conduction.  The results obtained in this experiment correspond to 

the conclusion in previous section, and these CexZr1-xO2 nanoparticles really are catalyzing free 

radicals through electron exchange. 

6.5 Summary 

In this chapter, the free radical scavenging activities of a series of CexZr1-xO2 nanoparticles 

were discussed.  Using biochemistry assays, the residual concentration of hydrogen peroxide at 

physiological levels was measured over time.  In the presence of CexZr1-xO2 nanoparticles, 

hydrogen peroxide concentrations in each sample decreased over time.  Among all the samples, 
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Ce0.7Zr0.3O2 nanoparticles have the greatest peroxide scavenging activity.  In addition, the 

scavenging activities of CexZr1-xO2 nanoparticles are correlated with the oxygen vacancy 

concentrations in the materials.  It is because the catalysis of hydrogen peroxide is determined by 

the transition of oxygen ions, so the oxygen vacancy concentrations in CexZr1-xO2 nanoparticles 

become dominant in the scavenging processes. 

Using the methodologies based on biochemistry reactions, superoxide radicals were 

generated.  The scavenging activities of CexZr1-xO2 nanoparticles to superoxide radicals were 

tested using an irreversible dye, and their activities were compared with the fastest superoxide 

radical scavenger, superoxide dismutase.  The results showed that these CexZr1-xO2 nanoparticles 

have even greater scavenging activity than enzyme SOD.  Furthermore, the results showed that 

the scavenging activity of CexZr1-xO2 nanoparticles increases with increasing zirconium dopants 

in CexZr1-xO2 nanoparticles.  It is because the zirconium dopants prompt Ce3+ contents in CexZr1-

xO2 nanoparticles, and resulting in more mobile electronic carriers.  These mobile electronic 

carriers conduct the unpaired electrons in free radicals, so the scavenging activities to superoxide 

radicals are through electron exchange.  It is because the catalysis of superoxide radicals is 

determined by the exchange of electrons, so the concentration of mobile electronic carriers in 

CexZr1-xO2 nanoparticles becomes dominant in the reaction.  The mobile electronic carriers 

include oxygen vacancies, cationic defects that are caused by nonstoichiometric defects and 

extrinsic defects. 

The capability for CexZr1-xO2 nanoparticles to conduct electrons in catalysis is inspected 

using a bivalent, reversible conducting molecule.  In the experiment, electrons in the reduced 

cytochrome c were taken away, resulting in non-colorimetric cytochrome c (III).  Thus, the 

reversed absorbance represents electron conduction from cytochrome c, through CexZr1-xO2 
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nanoparticles, and finally to form hydrogen peroxide.  The electron conduction in CexZr1-xO2 

nanoparticles relies on the mobile electronic carriers in CexZr1-xO2 nanoparticles; therefore the 

materials with most carriers also have the greatest activity to scavenge free radicals.  Since the 

accumulation of oxidative damage relies on electron exchange between molecules, such as 

proteins, lipids, DNA, and RNA, the optimum free radical scavenger therefore relies on mobile 

electronic carrier concentration in CexZr1-xO2 nanoparticles.  Thus, we conclude that Ce0.4Zr0.6O2 

nanoparticles would be the most effective free radical scavengers in biological systems, based on 

the results in the activity tests. 

After this chapter, the remarkable results confirm that the development of CexZr1-xO2 

nanoparticles for biomedical applications requires the knowledge in materials science.  

Incorporated with zirconium dopants, nanoparticles that have up to nine times of free radical 

scavenging activity compared to undoped CeO2 nanoparticles were developed.  After the 

knowledge learned in this chapter, we have successfully built up a model that describes hydrogen 

peroxide scavenging and superoxide radical scavenging.  According to the model, the scavenging 

activities of these nanocatalysts can be further promoted if more mobile electronic carriers are 

increased. 



 

CHAPTER 7 
IMPLICATIONS 

7.1 Distinct Antioxidant Defense Pathway 

CeO2 nanoparticles have been found to inhibit the progression of organism dysfunction 

through regulating its endogenous oxidative stress.  It was hypothesized that CeO2 nanoparticles 

scavenge free radicals and therefore improve cell cultures’ viability.  However, we found that 

CeO2 nanoparticles are eligible to reinstate the redox states of cytochrome c in the presence of 

superoxide radicals.  It suggests that protection provided by CeO2 nanoparticles may be 

contributed by reactivating cytochrome c’s redox states as well.  The results also explain the 

finding in the previous study that CeO2 nanoparticles restored retinal photoreceptor cells’ 

function even if CeO2 nanoparticles were administered after cell cultures were damaged [54]. 

Cytochrome c is a heme protein found loosely bounded with inner membrane of 

mitochondria.  It is an antioxidant protein with two valences, which can oxidize superoxide 

radicals and reduce hydrogen peroxide.  Cytochrome c is also a very important protein in 

metabolism.  It conducts electrons in electron transport chain of mitochondria.  Lacking of 

cytochrome c, the electrons leak out of the transport chain and forming free radicals in the 

sequence.  In addition, the over reduced cytochrome c would lose its bonding with inner 

membrane of mitochondria and finally be released to cytoplasm.  When cytochrome c is released 

from mitochondria, they tend to bond with other proteins, forming apoptosome.  The apoptosome 

triggers apoptosis later on.  It has been demonstrated that cytochrome c release requires a two-

step process [91].  Cytochrome c is present as loosely and tightly bound pools attached to the 

inner mitochondrial membrane by its association with free radicals, and this interaction must first 

be disrupted to generate a soluble pool of this protein.  Specifically, solubilization of cytochrome 

c involves a breaching of the electrostatic or hydrophobic affiliations that this protein usually 
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maintains in mitochondrial membrane.  Once cytochrome c is solubilized, the reduced 

cytochrome c loses its electrostatic bonding with mitochondrial membrane.  The lowered 

electrostatic bonding is sufficient to trigger cytochrome c’s release.  Since superoxide radicals 

have long been found to reduce cytochrome c, the concept of scavenge superoxide radicals prior 

their damage to cytochrome c, or preventing cytochrome c released from mitochondria has been 

classified in a novel antioxidant defense pathway (shown in Figure 2-1).  

CeO2 nanoparticles were found to exhibit exceptional scavenging activity to superoxide 

radicals and peroxides.  The reaction rate constants of CeO2 nanoparticles are superior to enzyme 

superoxide dismutase [29] and close to catalase [92].  However, the half life of free radicals is 

short, the question remains on how the damaged cells were recovered if nanoceria merely 

scavenge free radicals in cell cultures?  Beyond CeO2 nanoparticles’ free radical scavenging 

properties, we found that CeO2 nanoparticles are eligible to regulate the redox states of 

cytochrome c, especially in the presence of superoxide radicals.  Figure 7-1 shows the redox 

states of cytochrome c in the presence of superoxide radicals, CeO2 nanoparticles, and SOD.  

The data are extracted from Figure 6-19.  In Figure 7-1, profile A shows the reduction of 

cytochrome c in the presence of superoxide radicals.  Profile B shows the restoration of 

cytochrome c as CeO2 nanoparticles scavenge superoxide radicals.  In profile C, CeO2 

nanoparticles slightly restore cytochrome c’s redox states in the absence of superoxide radicals.  

In profile D, SOD only against superoxide’s attack, but does not regulate cytochrome c’s redox 

states.  The redox states of cytochrome c are influential in apoptosis [40,93].  Overwhelmed by 

the reduced cytochrome c: (1) electrons would leak from mitochondrial electron transportation 

chain, forming detrimental ROS [94]; (2) cytochrome c would be released from mitochondria 

due to the lower electrostatic bonding in reduced cytochrome c [95].  The accumulation of ROS 
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as well as cytochrome c release trigger caspase proteins and finally induce apoptosis.  By 

regulating the redox states of cytochrome c, CeO2 nanoparticles may provide a distinct 

antioxidant defense pathway by inhibiting the release of cytochrome c from mitochondrial 

membrane. 

In this chapter, we found that CexZr1-xO2 nanoparticles are capable to regulate the redox 

states of cytochrome c (shown in Figure 6-19).  In reference to Chen et al.’s work, exposing 

CeO2 nanoparticles to cultures not only scavenges free radicals in cultures, but also regulates the 

redox states of cytochrome c and inhibits cytochrome c release.  We suggest that CexZr1-xO2 

nanoparticles may contribute a distinct antioxidant defense beyond free radical scavenging.  In 

consequence, the proposed mechanism is able to explain the previous discovery by Chen et al. 

that CeO2 nanoparticles restored retinal photoreceptor cells’ function even CeO2 nanoparticles 

were administered after cells were damaged [58]. 

 

 

Figure 7-1.  Redox states of cytochrome c in the presence or absence of superoxide radicals. 
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7.2 Implications in Catalysis 

In heterogeneous catalysis, the electrochemical reactions comprise a series of electron 

exchange, oxygen ion exchange in/between ligands and catalysts.  The selection of optimum 

catalysts relies on inspecting the catalyst’s capability to conduct electrons or oxygen ions in 

catalysis.  According to the results in previous experiments, the biochemistry based assays that 

have been developed in this work are ideal techniques to inspect the interfacial electrochemistry 

in the process of catalysts. 

7.2.1 Alternative Technique to Inspect ionic Conductivity at Room Temperature 

Due to the characteristics of hydrogen peroxide, it is found that the exchange of oxygen 

ions is involved in the catalysis for hydrogen peroxide.  Based on this concept, hydrogen 

peroxide molecules can be treated as probes to inspect ionic conductivity of CeO2-based 

materials in catalysis. 

In biochemistry, enzyme CAT is used to catalyze hydrogen peroxide.  The catalysis of 

hydrogen peroxide.  The catalysis proceeds in two steps [96] by 

(1) Oxidation of CAT by a peroxide 

)(.)IV()III( 222 +−=+→−+ EFeOOHEFeOH  (6-11) 

(2) Oxidation of the substrates. 

2222 )III()(.)IV( OEFeOHEFeOOH +−+→+−=+  (6-12) 

Overall, 

2222 2/1 OOHOH catalase +⎯⎯ →⎯  (6-13) 

In the catalysis, the oxidized enzyme possesses two oxidative equivalents above the native 

enzyme and contains highly reactive oxygen bound to the iron.  The iron is then promoted to its 
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quadrivalent states.  In the catalysis proceeded by CAT, the catalysis of hydrogen peroxide 

depends on its characteristics that conducting its oxygen ions with enzyme CAT. 

At low hydrogen peroxide concentration, we have demonstrated that the amount of mobile 

oxygen vacancies dominates the catalysis.  As an excellent ionic conductor, CxZr1-xeO2 actually 

mediates ionic conduction by its mobile oxygen vacancies.  It is, the scavenging rates to 

hydrogen peroxide scavenging not only indicate the oxygen vacancy concentration in catalyst’s 

lattice, but also represent ionic conductivity of CexZr1-xO2. 

7.2.2 Alternative Technique to Inspect Localized Electron Conductivity 

The catalysis of superoxide radicals are preceded by two steps.  Superoxide radicals can 

donate electrons to a molecule and become oxygen molecule, or they can receive electrons from 

others to form peroxides.  In biochemistry, enzyme SOD is used to catalyze superoxide radicals 

into hydrogen peroxide and oxygen in free radical scavenging.  The catalysis carried out by 

enzyme SOD is as follow, 

SODMOSODMO n −+→−+ +++−•
2

)1n(
2  (6-14) 

SODMOHSODMHO n −+→−++ ++++−• )1n(
222 2  (6-15) 

Overall, 

222 22 OHHO →+ +−•  (6-16) 

In the catalysis carried out by enzymes, it is certainly that the exchange of electrons 

involved in the catalysis.  However, the scavenging occurred in CexZr1-xO2 nanoparticles remains 

uncertain, therefore this section is to discuss the mechanism based on the results obtained in 

superoxide radical scavenging tests. 

The scavenging to superoxide radicals undergoes a different mechanism comparing to the 

scavenging to hydrogen peroxide.  In the catalysis to superoxide radicals, a superoxide radical 
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either donates an electron to catalysts forming oxygen molecules, or receives an electron forming 

peroxide.  In means that the amount of electrons conducted in catalysts dominates the reaction.  

Thus, superoxide radicals work as perfect probes to inspect localized mobile electronic carriers 

in catalysis.  Utilizing a bivalent, reversible, colorimetric protein cytochrome c, it becomes 

possible to “see” the electron conduction in catalysis.  The reversed optical density in the 

reaction represents the electrons taken away by catalysts, where the electrons are taken away to 

form peroxide with other superoxide radicals. 



 

CHAPTER 8 
CONCLUSIONS 

The in vitro studies in Chapter 3 have shown that CeO2 nanoparticles could relieve 

oxidative stress in certain cell cultures.  The culture’s viability was improved accordingly.  In 

addition to these successful in vitro results, several objectives have been achieved in further, 

including synthesis and characterization of CexZr1-xO2 nanoparticles, evaluation of free radical 

scavenging activities of these nanoparticles, and a distinct antioxidant defense pathway that may 

contribute to the protection to cultures.  In this dissertation, several innovative techniques have 

been emerged to evaluate the catalytic properties of CexZr1-xO2 nanoparticles, and the results are 

remarkable.  The conclusions are summarized as follow: 

• Reverse micelle method is used to synthesize CexZr1-xO2 nanoparticles of 3-7 nm. 

• The synthesized CexZr1-xO2 nanoparticles are crystalline solid solutions, so heat treatments 
can be exempted in the synthesis. 

• The synthesized CexZr1-xO2 nanoparticles are dispersed in sodium citrate buffer.  The 
agglomeration using such preparation can be ignored, since the agglomerate size 
distributions are smaller than 10 nm. 

• CeO2 nanoparticles can improve cell culture’s viability by relieving its endogenous 
oxidative stress. 

• Doping zirconium into CeO2 nanoparticles promotes their free radical scavenging 
activities.  The enhancement comes from the promoted oxygen vacancies as well as mobile 
electronic carriers in the lattice. 

• For CexZr1-xO2 nanoparticles to scavenge hydrogen peroxide at low concentration, oxygen 
ions are involved in the reactions, therefore oxygen vacancies in the lattice dominate the 
scavenging.  Among all samples, Ce0.7Zr0.3O2 nanoparticles exhibit the greatest activity.  
The scavenging activities of CexZr1-xO2 nanoparticles correlate to the oxygen storage 
capacity reported in the same materials. 

• For CexZr1-xO2 nanoparticles to scavenge superoxide radicals, the scavenging activity 
depends on their capability to conduct electrons in catalysis.  Zirconium dopants promote 
Ce3+ contents in CeO2 lattice, so the mobile electronic carrier concentration increases due 
to the promoted cationic defects in the lattice.  The cationic defects include oxygen 
vacancies and electron holes in the lattice, which are contributed from nonstoichiometric 
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defects and extrinsic defects.  After activity tests, Ce0.4Zr0.6O2 nanoparticles exhibit the 
greatest activity of all CexZr1-xO2 nanoparticles. 

• CexZr1-xO2 nanoparticles can reactivate cytochrome c’s redox states in the presence of 
superoxide radials.  The reinstate of redox states may regulate cytochrome c’s function in 
metabolism, and further achieve a distinct antioxidant defense. 



 

APPENDIX A 
GLOSSARY 

 
Apoptosis A form of programmed cell death in multi-cellular organisms. It is one of 

the main types of programmed cell death (PCD) and involves a series of 
biochemical events leading to a characteristic cell morphology and death 

bcl-2 Protein bcl-2 is an antioxidant protein.  An important one states that this is 
achieved by activation or inactivation of an inner mitochondrial 
permeability transition pore, which is involved in the regulation of matrix 
Ca2+, pH, and voltage. It is also thought that some Bcl-2 family proteins 
can induce (pro-apoptotic members) or inhibit (anti-apoptotic members) 
the release of cytochrome c in to the cytosol which, once there, activates 
caspase-9 and caspase-3, leading to apoptosis. 

βTC-tet cells Pancreatic βTC lines derived from murine insulinomas. 

CAT Enzyme catalase.  Catalase is a common enzyme found in nearly all living 
organisms. Its functions include catalyzing the decomposition of hydrogen 
peroxide to water and oxygen.  Catalase has one of the highest turnover 
rates of all enzymes; one molecule of catalase can convert millions of 
molecules of hydrogen peroxide to water and oxygen per second. 

Carotenoids Carotene is a precursor to vitamin A, a pigment essential for good vision, 
and carotenoids can also act as antioxidants. 

CeO2: Cerium oxide, cerium dioxide, or sometimes listed as ceria. 

CexZr1-xO2: Zirconium-doped CeO2.  The x in the chemical formula represents the 
stoichiometry of cerium ions, and (1-x) represents the stoichiometry of 
zirconium ions sitting on the cationic sites in the cubic fluorite structures. 

COX The enzyme cytochrome c oxidase or Complex IV is a large 
transmembrane protein complex found in bacteria and the mitochondrion.  
It is the last enzyme in the respiratory electron transport chain of 
mitochondria (or bacteria) located in the mitochondrial (or bacterial) 
membrane. It receives an electron from each of four cytochrome c 
molecules, and transfers them to one oxygen molecule, converting 
molecular oxygen to two molecules of water. 

Cytochrome c Cytochrome c is a small heme protein found loosely associated with the 
inner membrane of the mitochondrion. It is a soluble protein, unlike other 
cytochromes, and is an essential component of the electron transfer chain, 
where it carries one electron. It is capable of undergoing oxidation and 
reduction, but does not bind oxygen. It transfers electrons between 
Complexes III and IV. 
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DCF 2’,7’-dichloroflurescin diacetate.  A fluorescent dye to detect reactive 
oxygen species in biological systems. 

Electron transport chain 

 An electron transport chain associates electron carriers and mediating 
biochemical reactions that produce adenosine triphosphate (ATP), which 
is a major energy intermediate in living organisms. Only two sources of 
energy are available to biosynthesize organic molecules and maintain 
biochemical and kinetic processes in living organisms: redox reactions.  
The schematic diagram of electron transportation chain is shown in Figure 
2-1. 

Endoplasmic reticulum stress 

 Endoplasmic reticulum (ER) stress is caused by the accumulation of 
unfolded proteins in the ER lumen, and is associated with vascular and 
neurodegenerative diseases. 

Feret’s diameter I n microscopy, Feret's diameter is the measured distance between parallel 
lines that are tangent to an object's profile and perpendicular to the ocular 
scale.  Generally, Feret's diameter is the greatest distance possible between 
any two points along the boundary of a region of interest. 

GPx Enzyme glutathione peroxidase.  Enzyme glutathione oxidase is an 
enzyme that catalyzes glutathione and oxygen to form glutathione 
disulfide and hydrogen peroxide. 

GSH Glutathione is a tripeptide. It contains an unusual peptide linkage between 
the amine group of cysteine and the carboxyl group of the glutamate side 
chain. Glutathione, an antioxidant, protects cells from toxins such as free 
radicals. 

HO Enzyme heme oxygenase.  An enzyme that catalyzes the degradation of 
heme. This produces biliverdin, iron, and carbon monoxide. 

HQ Hydroquinone.  Hydroquinone is a compounds used to induce oxidative 
stress in this dissertation. 

Inflammation Inflammation is the complex biological response of vascular tissues to 
harmful stimuli, such as pathogens, damaged cells, or irritants. It is a 
protective attempt by the organism to remove the injurious stimuli as well 
as initiate the healing process for the tissue. 

Lipid peroxidation Lipid peroxidation refers to the oxidative degradation of lipids. It is the 
process whereby free radicals grab electrons from the lipids in cell 
membranes, resulting in cell damage. This process proceeds by a free 
radical chain reaction mechanism. 
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OSC Oxygen storage capacity.  The OSC is determined by measuring oxygen 
consumed by the catalyst after reduction under isothermal conditions.  It is 
a quantitative basis the capability of metal oxide catalysts to release 
oxygen under reducing condition, and to uptake oxygen under oxidizing 
conditions. 

Oxidative stress Oxidative stress is caused by an imbalance between the production of 
reactive oxygen and a biological system's ability to readily detoxify the 
reactive intermediates or easily repair the resulting damage. 

ROS Reactive oxygen species.  Reactive oxygen species are oxygen species that 
are generated from metabolism.  They are reactive to other molecules, and 
usually cause damage to cells.  In free radicals in biology superoxide 
radicals, hydroxyl radicals, and hydrogen peroxide are usually appointed 
as ROS. 

Superoxide Superoxide radicals.  Superoxide is the anion O2
−. It is important as the 

product of the one-electron reduction of dioxygen, which occurs widely in 
nature.  With one unpaired electron, the superoxide ion is a free radical, 
and, like dioxygen, it is paramagnetic. 

SOD Enzyme superoxide dismutase.  Enzyme SOD is an enzyme found in 
almost all living systems.  It catalyzes the dismutation of superoxide into 
oxygen and hydrogen peroxide. As such, it is an important antioxidant 
defense in nearly all cells exposed to oxygen. 

Type 1 diabetes Also called juvenile diabetes.  It is a form of diabetes mellitus. Type 1 
diabetes is an autoimmune disease that results in the permanent 
destruction of insulin producing beta cells of the pancreas. Type 1 is lethal 
unless treatment with exogenous insulin via injections replaces the 
missing hormone. 
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