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ABSTRACT 

Neural progenitor cells (NPCs) are self-renewing, multipotent cells that are more 

likely than other types of stem cells to differentiate into the desired neurons in a direct, 

safe, and efficient manner. Therefore, NPC therapy is a promising strategy for 

neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease 

(PD). However, improving the survival rate and promoting neuronal differentiation 

after NPC transplantation under conditions of oxidative stress, the main pathological 

feature in the brains of AD and PD patients, remain major challenges for NPC therapy. 

Recently, biomaterials have played essential roles in bioscience, tissue engineering, 

regenerative medicine, and other related fields, and they have undergone rapid 

development globally. By contacting and interacting with living organisms, 

biomaterials can exert effects on cells, tissues, and organs. It has been reported that 

these interactions are influenced by the surface properties of the materials, such as the 

surface chemistry, surface roughness, size, shape, and chirality. Thus, novel 

biomaterials have been studied to provide new technologies and methods for neural 

stem cell and NPC culture and the treatment of neurodegenerative diseases. In this 

research, we explored the use of the biocompatible nanomaterials Fe2O3 chiral 

nanoparticles (Fe2O3 CNPs) and cerium oxide nanoparticles (CeO2 NPs) for 

extracellular and intracellular stimulation, respectively, and determined the potential 

effects of these nanomaterials on NPC fate. 
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First, left-handed (LH) and right-handed (RH) Fe2O3 CNP matrices were assessed 

for their abilities to modulate NPC phenotype and function. According to our results, 

both LH- and RH-Fe2O3 CNPs showed good biocompatibility and promoted cell spread 

and growth. In addition, Fe2O3 CNPs maintained the proliferative ability of NPCs while 

inhibiting their differentiation. LH-Fe2O3 CNPs showed superior performance to RH-

Fe2O3 CNPs. 

Second, the role of facet-dependent CeO2-mediated redox homeostasis in 

regulating NPC self-renewal and differentiation was investigated for the first time. The 

cube-, rod- and octahedron-shaped CeO2-nanozymes with different facets were 

prepared. Among the mentioned nanozymes, the cube enclosed by (100) facet exhibited 

the highest catalase (CAT)-like activity, indicating that it provided superior protection 

to NPCs from oxidative stress induced by H2O2. Meanwhile, the octahedron enclosed 

by (111) facet lowest CAT-like activity induced the greatest amount of reactive oxygen 

species (ROS) production in ReNcell CX cells, which promoted neuronal 

differentiation by activating the AKT/GSK-3β/β-catenin pathways. Further 

mechanistic studies indicated that the electron density of the surface Ce atoms changed 

continuously with different crystal facets, which led to their different CAT-like activity 

and the modulation of redox homeostasis in NPCs.  

In summary, our findings demonstrate that 1) both inorganic metal oxide Fe2O3 

CNPs and CeO2 NPs have good biocompatibility; 2) LH-Fe2O3 CNPs show better 

performance at promoting cell growth and maintaining stemness; 3) the cube-shaped 
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CeO2 provide NPCs with superior protection from oxidative stress induced by H2O2; 

and 4) the octahedron induces the greatest amount of ROS production in ReNcell CX 

cells, which promotes neuronal differentiation by activating the AKT/GSK-3β/β-

catenin pathway. Altogether, the different surface chemistry and atomic architecture of 

the active sites on CeO2 modulate redox homeostasis and the fate of NPCs. 

 

 

Key words: Fe2O3 CNPs; CeO2 NPs; Human neural progenitor cells; Redox 

homeostasis, Reactive oxygen species 
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CHAPTER 1 Introduction 

1.1 Background 

1.1.1 Neurodegenerative diseases 

Neurodegenerative diseases are a series of irreversible neurological diseases 

caused by the loss of neuronal structure and function of the brain and spinal cord, and 

usually manifest as delayed onset, selective neuronal dysfunction, etc., including 

Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis 

(ALS), Huntington’s disease (HD), and stroke [Khanam et al., 2016]. Of these diseases, 

AD and PD are becoming prevalent disorders as the world’s population rapidly ages 

[Zhang et al., 2019; Chen et al., 2016]. According to the World Health Organization, 

the population aged 60 or over around the world was 1 billion in 2019 and projected to 

increase to nearly 2.1 billion in 2050, indicating that the population is getting older. In 

2019, roughly 50 million global population had a neurodegenerative disease, a number 

expected to grow up to 139 million by 2050 [Alzheimer’s Disease International, 2019]. 

In Hong Kong, according to the report from Census and Statistics Department of 

HKSAR in 2021, the percentage of people aged 60 or above in Hong Kong will grow 

to approximately 28.6 % of total population by 2050. The patients of neurodegenerative 

disease worldwide have been over 100 million with aging population increases. In a 

previous review paper, it was reported that AD, which is the most common 

neurodegenerative disorder and is characterized by several concurrent phenotypes and 
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variable pathology, is influenced by numerous risk factors [Armstrong, 2020]. Table 

1.1 lists the risk factors associated with AD. Of these factors, aging is the most crucial, 

as it distinctly affects neuroanatomical pathways and the formation of pathogenic 

proteins. Neurodegenerative diseases usually develop when nerve cells in the central 

nervous system (CNS) become dysfunctional over time and eventually die [Gitler et al., 

2017]. Although many efforts have been made to explore possible treatments to relieve 

the symptoms of neurodegenerative diseases, there are still no effective drugs or cures. 

Table 1.1 List of risk factors associated with AD [Armstrong, 2020] 

Category Risk factor 

Demographic  

 

Age 

Education 

Gender 

Race 

Social class 

Genetics Amyloid precursor protein (APP) 

Presenilin 1 and 2 (PSEN1/2) 

Apolipoprotein E (APOE) 

ATP-binding cassette transporter A1 (ABCA1)  

Adaptor protein evolutionarily conserved signaling 

intermediate in Toll pathway (ECSIT) 

Clusterin gene (CLU) 
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Estrogen receptor gene (ESR) 

Fermitin family homolog 2 gene (FERMT2) 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

Histocompatibility locus antigen (HLA class III) 

mtDNA haplotype 

Transferrin gene (Tf) 

Triggering receptor expressed on myeloid cells 2 (TREM2) 

Vascular protein sorting-10 domain (VpS10) genes 

Vitamin D receptor gene (VDR) 

Epigenetic factors 

Lifestyle Alcohol 

Lack of exercise, lack of cognitive activity 

Malnutrition 

Poor diet 

Smoking 

Medical Cancer 

Cardiovascular disease 

Congestive heart failure 

Immune system dysfunction 

Micro-infarcts 

Obesity 
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Poor cholesterol homeostasis 

Poorly controlled type-2 diabetes 

Stroke 

Traumatic brain injury (TBI) 

Psychiatric Depression 

Early stress 

Environmental  

 

Air pollution 

Calcium deficiency 

Geographic location 

Metals (especially aluminium, copper, zinc) 

Military service 

Organic solvents 

Occupation 

Vitamin deficiency 

Infection  

 

Bacteria, e.g., Chlamydophila pneumoniae, 

Treponema 

Dental infections 

Fungi 

Viruses 

Based on Henderson [Henderson, 1988] and Armstrong [Armstrong, 2019] 
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As the most common neurodegenerative disease, AD is symbolized by cognitive 

disability, memory loss, and behavioral irregularity. These dysfunctions are induced by 

the misfolding of proteins, including amyloid beta peptide (Aβ) and tau, triggering 

amyloid plaques and neurofibrillary tangles, respectively [Jiang et al., 2013; Nixon et 

al., 2011]. Besides, it has also been reported that affected neurons in AD patients’ brains 

have an increased number of certain autophagosomes, which act as major intracellular 

pools of cytotoxic peptides [Nixon et al., 2005]. The overproduction of immature 

autophagic vesicles in aged neurons is related to the increased synthesis of key 

components of autophagy, the retrograde transportation of autophagosomes, and the 

disrupted fusion of lysosomes, leading to the aggregation of pathogenic Aβ [Nixon et 

al., 2011]. Another trait in AD patients is neurofibrillary tangles, which mainly consist 

of phosphorylated tau. Recent studies have shown that the monomeric form of tau and 

soluble oligomers with pathological modifications have a high cytotoxicity, although 

neurofibrillary tangles were originally considered to be the leading cause of AD 

pathogenesis [Lasagna-Reeves et al., 2012]. 

On the other hand, PD, the second most common neurodegenerative disease, is 

characterized by the activation and phosphorylation of α-synuclein proteins, which lead 

to dopaminergic neuronal degeneration and Lewy body formation [Dauer and 

Przedborski, 2003]. At present, therapeutic methods for neurodegenerative diseases are 

limited owing to the protective properties of the blood–brain barrier (BBB), impeding 

drug targeting towards neurons [Kabanov and Gendelman, 2007]. The BBB establishes 
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a barrier between blood and CNS, regulates homeostasis and molecule movement, 

modulates influx and efflux, protects neuronal function, and prevents harmful 

substances from penetrating the cerebrospinal fluid [Birgit et al., 2013]. In other words, 

the highly selective, permeable BBB is the biggest obstacle to the successful treatment 

of brain diseases by delivering drugs through blood circulation. Therefore, without 

better treatment options, the prevalence of neurodegenerative diseases will continue to 

increase. 

1.1.2 Neural progenitor cells 

Neural stem cells (NSCs) exist in the subventricular zone, the largest neurogenic 

niche of the mammalian brain, can self-renew and generate neural progenitor cells 

(NPCs) [Zarco et al, 2019]. NSCs can differentiate into NPCs and terminally into 

mature functional neurons. In recent decades, the research on NSCs and NPCs for the 

treatment of nervous system diseases has received extensive attention and has become 

an important topic in basic research to translational experimental development. As the 

pathogenesis of neurodegenerative disorders is predominantly driven by neuronal death 

or dysfunction in the specific brain regions [Khanam et al, 2016], a novel and promising 

therapeutic strategy would, therefore, be to replace the damaged neurons by 

transplantation of NSCs/NPCs [Suzuki et al., 2021]. It is widely agreed that NPCs could 

differentiate into neurons after transplantation into sites of injury to replace damaged 

neural cells, provide nutritional supplementation, recover connectivity, and promote 

regeneration [Ruff et al., 2012; Suzuki et al., 2017]. NPCs have two distinct 
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characteristics: self-renewal and multipotentiality [Oh et al., 2016]. They have a better 

capacity than other types of stem cells to proliferate over several passages and to 

differentiate into neurons, astrocytes, or oligodendrocytes in a direct, safe, and efficient 

manner [Oh et al., 2018; Imayoshi et al., 2014; Oh et al., 2016; Hovakimyan et al., 

2012]. Nestin, an intermediate filament protein, is well known as an NPC marker, as it 

is expressed in undifferentiated central nervous system cells [Suzuki et al., 2010]. Sex-

determining region Y-box 2 (SOX-2) is a transcription factor that has a critical role in 

the maintenance of NSCs/NPCs self-renewal [Rizzino, 2009]. Microtubule-associated 

protein 2 (MAP2) is a structural protein specifically found in mature neurons that are 

terminally differentiated and can no longer divide [Soltani et al., 2005]. The class III-

tubulin, βⅢ-tubulin, a cytoskeletal protein, is used as a biomarker of neurons during 

the early stage of neuronal differentiation [Sieber-Blum et al., 2006] and glial fibrillary 

acidic protein (GFAP), which is the principal element of astrocyte intermediate 

filaments, is usually used as an astrocytic marker [Ma et al., 2016]. These specific 

makers are often used to identify neuronal cell types. Previous studies have employed 

a wide variety of NSCs/NPCs from adult and fetal origins, but mostly from rodent 

models [ Son et al., 2017]. However, there still are some constraints to using human 

NSCs (hNSCs) and NPCs (hNPCs), such as restriction on donor accessibility to obtain 

fetal and adult NSCs, problems with long-term in vitro expansion, and a low ratio of 

proliferation. Therefore, it is crucial to explore in vitro developmental cell sources to 

provide adequate numbers of suitable hNPCs. 
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Accordingly, numerous studies have been performed to increase the longevity of 

hNPCs in vitro, including optimizing the culture circumstances or using the myc 

transcription factor to immortalize the cells and maintain a stable phenotype [Zhao et 

al., 2013]. As stable hNPC lines, ReNcell CX cells (immortalized with c‑myc) and 

ReNcell VM cells (immortalized with v‑myc) are commonly used in various 

neurological subjects. These two cell lines have been shown to proliferate permanently 

and present characteristics of hNSCs, such as expressing Nestin or SOX-2 in 

undifferentiated cells and differentiating into neurons or glial cells after growth factor 

withdrawal [Hovakimyan et al., 2012]. In addition, Roberta et al. reported that ReNcell 

VM and CX cells showed different functional outcomes, even when they are under the 

same differentiation and proliferation protocols [Roberta et al., 2007], which 

demonstrates that these two cell lines are either radically distinct or that neuronal 

maturation is influenced by variation in the cell lines. For example, the following 

significant differences exist between the two cell lines: (1) the brain area from which 

they originate; (2) the use of v-myc in ReNcell VM cells versus c-myc in ReNcell CX 

cells for immortalization; and (3) the origination of ReNcell VM cells from a bulk-

derived culture versus the origination of ReNcell CX cells from a clonal cell line. As 

ReNcell lines are commonly used as a cell model for AD [Choi et al., 2016], we chose 

ReNcell CX cells as cell model in this project to detect the fate of hNPCs. 
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1.1.3 Reactive oxygen species 

Despite great progresses have been made, the major challenge facing NPC therapy 

is to enhance cell survival in conditions of oxidative stress and neuronal differentiation 

after NPC transplantation into the brain [Marsh and Jones, 2018]. The brain requires a 

large amount of oxygen to function properly and can be regarded as a pool of free 

radicals and reactive oxygen species (ROS). ROS can result in major damage to 

neuronal cells by regulating the function of biomolecules. The origin of oxidative stress 

is believed to be excess biological production of ROS, including superoxide (O2•-), 

hydroxyl radicals (•OH), and hydrogen peroxide (H2O2) [Bórquez et al., 2016; Schieber 

and Chandel, 2014]. It is well-known that the manipulation of ROS is important for the 

maintenance of cellular homeostasis. Under normal status, overproduced ROS is 

regulated by the antioxidant resistance system, which includes major antioxidant 

enzymes (superoxide dismutase (SOD), glutathione peroxidase, and catalase (CAT)) 

and small-molecule antioxidants (vitamins C and E and glutathione (GSH), and ensures 

normal cell physiology [Aurelia and Aneta, 2015]. Intracellular ROS levels that exceed 

the threshold of the antioxidant system have detrimental effects and result in oxidative 

stress, leading to lipid peroxidation, protein and DNA damage, the activation of 

apoptotic pathways and finally cell damage [Ray et al., 2000]. Oxidative stress is also 

involved in other pathological conditions, like cancer, aging and neurodegenerative 

disorders [Le et al., 2005]. Especially, Oxidative stress is the particular focus of certain 

treatments for several neurodegenerative disorders that aim to scavenge already 
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produced ROS or inhibit their generation. In other words, oxidative stress plays a 

crucial role in the pathology of neurodegenerative disorders [Singh et al., 2019]. Indeed, 

oxidative stress is a double-edged sword in NPC therapy. The abnormal oxidative stress 

up-regulation in the brain with neurodegenerative diseases dramatically decrease the 

survival rate of transplanted NPCs [Zhu et al., 2021]. However, appropriate endogenous 

ROS level is necessary for the neural differentiation of NPCs [Belle et al., 2011]. Thus, 

the homeostasis of oxidative stress is crucial for the survival and neural differentiation 

of transplanted NPCs.  

 

Figure 1.1 Reactive oxygen species production from O2 in neural progenitor cells. 

The insert table shows the half-life (t1/2) and migration distance of different reactive 

oxygen species (ROS). 
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It has been reported that the survival, renewal, and differentiation of NPCs are 

highly dependent on the homeostasis of ROS. As shown in Figure 1.1, the NAPDH 

oxidase 2 (NOX2) on cell membrane converts O2 to O2
·-, which then rapidly generates 

H2O2 in the presence of SOD. H2O2 may then generate ·OH via the Fenton reaction, 

causing DNA damage and lipid oxidation that subsequently leads to cell damage and 

death [Block et al., 2007]. To avoid this, H2O2 is reduced to H2O and O2 by CAT to 

achieve H2O2 homeostasis. Compared to O2
·- and ·OH, H2O2 is the most important ROS 

in NPCs due to its longer half-life and migration distance [Mittler et al., 2017]. 

Accordingly, the efficient removal of H2O2 by CAT plays a vital role in maintaining 

H2O2 homeostasis and protecting NPCs from excess H2O2. 

Table 1.2 Specific proteins that exert function related to mitochondria in some 

neurodegenerative diseases 

Disease Proteins Relationship 

AD APP produce Aβ, the primary element of senile plaques 

PS1 and PS2 an element of γ-secretase, cleaving APP to form Aβ 

PD α-Synuclein the principal element of Lewy bodies 

DJ-1 prevent cells from oxidant-induced cell damage 

Parkin a ubiquitin E3 ligase 

HTRA2 a serine protease in the mitochondrial 

intermembrane space  
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ALS SOD1 converts superoxide to H2O2 

HD Huntingtin disease-related mutations induce expanded 

polyglutamine repeats 

Based on Lin and Beal [Lin and Beal, 2006]. 

 

Furthermore, mitochondria are inextricably linked to the production of ROS. 

There is a growing body of evidence suggesting that mitochondria play a vital role in 

aging-associated neurodegenerative disorders via the accumulation of mitochondrial 

DNA mutations and are the major sites of ROS production [Jiang et al., 2019; Lin and 

Beal, 2006]. Mitochondrial dysfunction is a hallmark of neurodegeneration. As shown 

in Table 1.2, mitochondria interact with many specific proteins which related to genetic 

forms of neurodegenerative disorders [Busciglio et al., 2002; Tamagno et al., 2005; 

Lustbader et al., 2004; Bonifati et al., 2003; Liu et al., 2004; Milakovic et al., 2005]. 

Mitochondria contain numerous electron carriers for ROS generation and have 

extensive antioxidant defense systems. Hence, mitochondrial damage or oxidative 

damage led to an imbalance between ROS production and scavenging, and further 

induce net ROS generation [Zorov et al., 2014]. It is widely known that ROS play 

critical roles as signaling molecules for numerous biological activities, including cell 

growth, proliferation, and differentiation [Ko and Lee, 2012; Olguín and Morán, 2018]. 

It is noteworthy that excessive levels of ROS suppress NPC self-renewal and induce 

cell damage [Paloczi et al., 2018], while high levels of endogenous ROS, within a 
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reasonable range, effectively promote NPC differentiation [Wang et al., 2013]. 

Tsatmali et al. also reported that high intracellular ROS levels in the brain throughout 

neurogenesis and embryonic development [Tsatmali et al., 2006]. Taken together, these 

studies make it clear that mitochondria are key cues of the regulation of NPC 

proliferation and differentiation by ROS. 

1.1.4 Nanomaterials 

The use of science and technology to regulate the properties of materials at the 

molecular or nanoscale level is regarded as nanotechnology. Functional nanomaterials, 

as the basic tool of nanotechnology, are the frontiers of the multidisciplinary crossover 

of chemistry, physics, biology and materials science [Wang et al., 2016; Bai et al., 2018; 

Prasad et al., 2018]. They manifest the characteristics of modern science and 

technology development such as a micro size, precise control, high levels of integration 

and strong interactions. Nanomaterials are some of the best carriers for engineering or 

technical quantum mechanical effects, as they exhibit unique optical, electrical, 

magnetic, mechanical, and catalytic properties [Tolfree, 2006]. Therefore, they have a 

wide range of research and application prospects in the fields of physics, biology, 

chemistry and materials science. Nano refers to the size of the structural units of the 

materials, which ranges from 1 to 100 nanometers. The concept of nanotechnology was 

demonstrated by the celebrated material scientist Richard P. Feynman in a pioneering 

presentation [Feynman, 1960]. Since then, the biological applications of a variety of 

nanomaterials have gradually attracted extensive research attention in many related 
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fields, such as drug delivery and cell therapy [Zhou et al., 2019; Lin et al., 2019]. These 

applications include the creation and modulation of material properties by modifying 

materials to the desired nanoscale. Nanotechnology also involves the organization, 

permutation, arrangement, structure, and system by regulating the shape, size, facets, 

and chirality of particles at the nanoscale. Nanomaterials are also considered to be a 

cost-effective and sustainable alternative to traditional materials [Mitrano et al., 2015]. 

It is obviously shown that nanomaterials have developed in many fields, from the 

natural sciences to biomedicine [Yellepeddi et al., 2019; Samal et al., 2019]. 

 

Figure 1.2 Major biomedical applications of nanomaterials. [Mabrouk et al., 2021] 

With the proportion of the elderly population climbing, many people suffer from 

aging-related disorders. Currently, research and investigation in the field of materials 

associated with stem cell therapy is expanding dramatically [Mao and Cai, 2021]. 

Bioactive nanomaterials are classified into natural or synthetic nanomaterials according 

to their origin [Mabrouk et al., 2021]. From Figure 1.2, it is clearly seen that 

nanomaterials have a wide range of applications in the medical field. However, the 

application of nanomaterials in the human body largely depends on their biological 
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activity, mechanical properties, degradation, and biocompatibility. It is worth noting 

that biomaterials are not drugs, and their therapeutic approach is based on direct binding 

and interactions with biological organisms. Therefore, it is foreseeable that 

nanoparticles with biomaterial may provide a great tool for regenerative medicine and 

may play a crucial role in the regeneration of damaged cells and tissues. Among these 

nanomaterials, inorganic nanomaterials are very attractive components for various 

biomedical applications due to their size and shape dependent optoelectronic properties. 

Iron oxide (Fe2O3) nanoparticles is a common natural compound that can be easily 

synthesized in the laboratory, and have superparamagnetic properties, high stability and 

biocompatibility, thus has a wide range of applications in the biomedical field, such as 

a drug carrier for specific targeted drug delivery; Cerium oxide (CeO2) nanoparticles is 

a kind of inorganic nanoparticles which have catalytic antioxidant activity. It is also the 

most abundant rare earth element. The application of nanoceria in different industrial 

settings is well-established. There are many literatures report that ceria is a new and 

powerful drug that can scavenge free radicals and overcomes many disadvantages of 

previous treatments. 

There are many critical factors influencing the synthesis of nanoparticles, 

including different properties, such as the size distribution, shape, chirality, surface 

properties, dispersion, and aggregation stability of the nanoparticles, and the elemental 

and nanocrystalline composition of the material [Baig et al., 2021]. Although various 

related factors have been extensively explored, molecular chirality has received little 
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attention. As one of the most captivating and ubiquitous cues in nature, chirality at the 

interfaces of living systems is intrinsically associated with complex biophysical and 

biochemical activities [Yao et al., 2013], and several studies have focused on the effects 

of nanomaterials with varying chirality on stem cells. In 1974, Yavin et al. first found 

that embryonic cerebral cells adhered better on surfaces coated with poly-L-lysine than 

poly-D-lysine [Yavin and Yavin, 1974]. In 1994, Hanein et al. discovered that kidney 

epithelial cells from Xenopus laevis showed preferential adhesion to enantiomorphous 

crystal surfaces [Hanein et al., 1995]. These findings demonstrated that cells may 

discern the ultra-fine differences of enantiomorphous substances. More recently, 

researchers have illustrated that chiral nanofilms or nanoparticles embellished with 

enantiomers specifically manipulate several bioactivities. Sun et al. reported that 

immune cells had a great ability to adhere to L surfaces [Sun et al. 2007]. Wei et al. 

revealed that different chirality regulate mesenchymal stem cell (MSC) lineages to 

differentiate into different cell lineages (osteogenic and adipogenic) through 

mechanical responses [Wei et al., 2019]. Dou et al. demonstrated that left-handed 

nanofibers promote MSC spreading and proliferation, whereas right-handed nanofibers 

suppress these activities [Dou et al., 2019]. Many studies have focused on the distinct 

chiral influence of nanomaterials on MSCs but have not explored the effects of 

molecular chirality on NSCs/NPCs. Thus, in this study inorganic chiral nanomaterials 

were synthesized to explore the effects of chirality on hNPC growth and differentiation. 
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Apart from chirality, the facets are a key physical characteristic of nanomaterials. 

Recently, metal oxide nanoparticles with CAT-like activities, including V2O5, Cu2O, 

MnO2, and CeO2 [Vernekar et al., 2013; Pike et al., 2017; Ghosh et al., 2016; Ciccarese 

et al., 2020], have been shown to be promising tools to target redox homeostasis. 

Among them, CeO2 has been shown to be an effective nanocatalytic agent against 

oxidative stress after brain trauma and in neurodegenerative diseases [Kwon et al., 

2018]. Although CeO2-mediated CAT-like activity is determined by the Ce3+/Ce4+ ratio, 

the importance of Ce3+ or Ce4+ in the active site remains controversial. The chemical 

state of Ce (e.g. Ce3+ or Ce4+) is known to determine its reactivity [Pirmohamed et al., 

2010; Baldim et al., 2018]. However, previous studies have rarely demonstrated the 

role of the surface structure of CeO2 in determining CAT-like activity. It has been 

reported that surface structures directly affect the geometric structure and energy 

changes required for the adsorption of the reactant (e.g. the reactant is H2O2 in a CAT-

like reaction) [Liu et al., 2019; Tan et al., 2020]. Moreover, the surface atomic 

arrangement also affects the chemical state of the surface Ce via different coordination 

environment [Seal et al., 2020]. Therefore, in this study we developed CeO2 

nanoparticles (CeO2 NPs) with different Ce3+/Ce4+ ratios in cube, rod, and octahedron 

shapes, and report for the first time that the origin of the CAT-like activity may be the 

surface atomic architecture rather than simply the Ce3+/Ce4+ratio. It has been reported 

that CeO2 decreases the expression level of βⅢ-tubulin and inhibits the neuronal 

differentiation of NSCs [Gliga et al. 2017], and that CeO2 NPs are neuroprotective 
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[Schubert et al. 2006]. It has also been demonstrated that CeO2 NPs prevent H2O2-

induced genotoxic damage [Marzi et al., 2013]. However, little is known about the role 

of CeO2 facets in determining CAT-like activity. Given the important role of crystal 

facets in nanozyme activity [Ghosh et al., 2018], clarifying the relationship between 

CeO2 facets and such activity may provide the basis for the rational design of CeO2 

nanozymes with the desired CAT-like activity for NPC therapy. 

In summary, determining the different effects of physical traits (e.g. chirality or 

facets) of nanomaterials may play a vital role in facilitating the development of specific 

nanomaterials with the desired biological activities.  

1.2 Hypothesis and objectives 

A growing body of evidence indicates that the regulation of stem cell survival, 

growth, proliferation, and differentiation by nanomaterials is influenced by various 

inherent characteristics (e.g. size, shape, stiffness, chirality, and facets). Therefore, we 

hypothesize that chiral Fe2O3 nanoparticles (Fe2O3 CNPs) and cerium oxide 

nanoparticles (CeO2 NPs) modified with distinct chirality or facets exhibit different 

NPC fates.  

The objectives of this study were as follows: 

1) to assess the biocompatibility of Fe2O3 CNPs and CeO2 NPs; 

2) to explore the effects of left-handed and right-handed Fe2O3 CNPs on the 

proliferation and differentiation of NPCs; and 
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3) to investigate the cytoprotection of CeO2 NPs with different facets and their 

effect on NPC differentiation.  
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CHAPTER 2 Materials and methods 

2.1 Chemicals and reagents  

Chemicals and Reagents Cat. No Manufacturer 

Accutase SCR005 Millipore 

Acrylamide/Bis Solution (37.5：1) 30% 1610158 Bio-Lab 

Alendronate A4978 Sigma, USA 

bFGF(Basic fibroblast growth factor) AF-100-18B Peprotech, USA 

CH2Cl2 (Empirical Formula) 270997 Sigma, USA 

DAPI (4',6-Diamidino-2-Phenylindole, 

Dihydrochloride) 

D1306 Molecular probes 

DMEM/F-12 (Dulbecco's Modified Eagle 

Medium Nutrient Mixture F-12 (ham) (1:1) 

powder) 

12500-062 Invitrogen, USA 

DMSO (Dimethyl sulfoxide) 80640 Sigma, USA 

EGF (Epidermal growth factor) AF-100-15 Peprotech, USA 

EDTA (Ethylenediaminetetraacetic acid) Sigma ED2SS Sigma, USA 
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EdU (5-ethynyl-20-deoxyuridine) C10310-1 RiboBio, China 

EDC (N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide) 

8.00907 Sigma, USA 

Ethanol absolute 100983 Merck, USA 

Glycine US16407-5KG USB, USA 

HBSS (Hank’s Balanced Salt Solution) 14025076 Thermo Fisher, USA 

HEPES 15630080 Thermo Fisher, USA 

H2O2 H325500 Thermo Fisher, USA 

Hoechst 33342 62249 Thermo Fisher, USA 

Isopropanol Sigma I9516 Sigma, USA 

KOH 61699 Sigma, USA 

Laemmli 161-0737 Bio Rad, USA 

Laminin CC095 Millipore, USA 

Methanol SZBC3540V Sigma, USA 

MTT (Thiazolyl Blue Tetrazolium bromide) US19265-5g USB, USA 
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NAC (N-acetylcysteine) A0737 Sigma, USA 

Na2CO3 (Sodium carbonate) S7795 Sigma, USA 

NaOH (Sodium hydroxide solution) S5881 Sigma, USA 

NHS (N-hydroxysuccinimide) 130672 Sigma, USA 

Non-fat milk powder 999S Santa Cruz, USA 

Normal goat serum ab7481 abCAM, USA 

Paraformaldehyde P6148 Sigma, USA 

PBS (Dubecco’s Phosphate Buffered 

Saline powder) 

56064C Sigma, USA 

PEG (Polyethylene glycol 2000 diacid) 8.21037 Sigma, USA 

PFA (Paraformaldehyde) P6148 Sigma, USA 

PMSF (Phenylmethylsulfonyl Fluoride) 20203 USB, USA 

Protease inhibitor (Cocktail Set III, EDTA 

Free) 

539134 Calbiochem, USA 

Protein Standard (Bovine serum albumin), 

20g/dL in 0.1% sodium azide, 10ml 

P5304 Sigma, USA 
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PSN(Penicillin-Streptomycin-Neomycin) 15640055 Thermo Fisher, USA 

ReNcell® NSC Maintenance Medium SCM005 Millipore, USA 

ReNcell® NSC Freezing Medium SCM007 Millipore, USA 

Restore Western Blot Stripping 21059 Pierce 

RIPA P0013B Beyotime 

SDS (Sodium Dodecyl Sulfate) powder 5750 Sigma, USA 

Sodium Chloride, reagent grade USB21618-5KG USB, USA 

TEMED  T9281 Sigma, USA 

Trichloroacetic acid 91240 Sigma, USA 

Tris 75825 USB, USA 

Triton X-100 T8787 Sigma, USA 

Trypan Blue Stain 15250-61 Thermo Fisher, USA 

Tween 20 9005-64-5 USB, USA 

Antibodies Cat. No. Manufacturer 
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AKT 9272S 

Cell Signaling 

Technology, USA 

β-catenin 8480P 

Cell Signaling 

Technology, USA 

βIII-tubulin ab7751 abCAM, USA 

GAPDH 2118S 

Cell Signaling 

Technology, USA 

GFAP ab7260 abCAM, USA 

GSK-3β 12389S 

Cell Signaling 

Technology, USA 

Ki67 ab16667 abCAM, USA 

MAP2 ab11267 abCAM, USA 

Nestin MAB5326 Millipore, USA 

non-p (Active) β-catenin 8814S 

Cell Signaling 

Technology, USA 

p-GSK-3β (Ser9) 9336S 

Cell Signaling 

Technology, USA 
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2.2 Physical investigation of nanomaterials 

2.2.1 Preparation and characterization of Fe2O3 CNPs 

LH-/RH-Fe2O3 CNPs were provided by Dr. Huang’s laboratory [Huang et al., 

2009]. Structural characterization was performed using scanning electron microscopy 

(SEM; Oxford, LEO 1530; Carl Zeiss, Jena, Germany). Optical characterization was 

used to monitor the circular dichroism (CD) spectra.  

2.2.2 Synthesis and preparation of CeO2 

The octahedral nanoparticles were synthesized by mixing 0.814 g of 

Ce(NO3)3·6H2O with 0.700 g of hexamethylenetetramine (HMT) in 110 mL of 

deionized water (DI water) at 75°C for 3 h. Both the rod- and cube-shaped nanoparticles 

were obtained hydrothermally at 100°C and 180°C for 24 h by mixing 0.6513 g of 

Ce(NO3)3 with 30 mL of an aqueous solution of NaOH (6 M for the rod and 3 M for 

the cube, respectively). All products were washed with DI water/ethanol three times 

p-AKT (Ser473) 4060S 

Cell Signaling 

Technology, USA 

SOX-2 AB5603 Sigma, USA 

HRP Goat Anti Mouse lgG (H+L) 626520 Thermo Fisher, USA 

HRP Goat Anti Rabbit lgG (H+L) 656120 Thermo Fisher, USA 
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and dried at 200°C before use. When CeO2 NPs were synthesized, the nanoparticle 

suspensions were arranged in MilliQ water at 100 mg mL-1 by sonication for 1 h at 10 

amplitude microns in an ultrasonic disintegrator (Soniprep 150, MSE). Fresh stock 

suspensions were arranged before each experiment. To obtain the pre-determined 

exposure concentrations (10, 25, 50, and 100 μg mL-1), the stock dispersion was diluted 

in cell medium prior to use in subsequent experiments. 

The Cy5.5-labeled CeO2 NPs were prepared by adding 250 mg of polyethylene 

glycol 2000 diacid (PEG), 30 mg of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 

(EDC), and 15 mg of N-hydroxysuccinimide (NHS) to 2 mL of dichloromethane. The 

mixture was stirred at room temperature for 12 h. The dichloromethane was then 

removed from the mixture by rotary evaporation. The residual product was dissolved 

in 4 mL of DI water. 20 mg of alendronate and 50 mg of Na2CO3 were then added to 

the solution. After stirring for 24 h, 100 mg of the CeO2 NPs was dispersed into the 

solution. The dispersion was then heated to 80°C and stirred for 12 h. Finally, the 

prepared CeO2–PEG–COOH was collected by centrifugation and labeled by 

conjugating a Cy5.5 amine dye using EDC and NHS. The resulting Cy5.5-labeled CeO2 

NPs were diluted in cell medium prior to use in subsequent experiments. 

2.2.3 X-ray diffraction and X-ray photoelectron spectra study 

X-ray diffraction (XRD) was performed at 40 kV and 15 mA using a MiniFlex600 

powder diffractometer equipped with Cu Kα radiation (Rigaku, Tokyo, Japan). The X-

ray photoelectron spectra XPS of Ce3d were recorded using a ESCALAB 250Xi 
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instrument equipped with Al as the X-ray source (Thermo Fisher Scientific, Waltham, 

MA, USA). 

2.2.4 Amplex Red assay 

The CAT-like activity of CeO2 NPs was assessed using an Amplex Red assay and 

ultraviolet (UV)–visible (vis) spectrophotometry. Briefly, 1 mL HEPES buffer (pH = 

7.2), containing 25 µg of CeO2 NPs and 20 mM H2O2, was kept at 37°C for 1 h. After 

the reaction, the residual H2O2 was measured by mixing 196 µL of the reactant with 2 

µL of horseradish peroxidase (HRP) solution (U mL-1) and 2 µL of Amplex Red 

solution. The mixture was then incubated at 37°C for 15 min and its fluorescence 

intensity was subsequently measured. For the kinetic study, the concentration of H2O2 

in the mixture was examined by UV–Vis spectra of absorbance measured at 240 nm. 

2.2.5 In situ Raman experiments 

In situ Raman experiments were performed to monitor the O-O bond cleavage of 

H2O2 on the CeO2 NP surfaces. In a typical experiment, 5 µg of CeO2 NPs was placed 

on a glass slide in a square (2 mm × 2 mm) and 5 µL of H2O2 (6 M, diluted with HEPES 

buffer) was added. The correspondent Raman spectra were recorded at different time 

point (0, 2, 5, 10, 20, and 30 min). 
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2.2.6 Identification of the surface chemical state by 31P NMR 

All CeO2 NP samples (150 mg) were first dried at 423 K under a vacuum (10-1 Pa) 

before trimethyl phosphine oxide (TMPO) adsorption. The CeO2 NPs were then mixed 

with 0.1 M TMPO in CH2Cl2 and dried at 353 K to remove excess CH2Cl2. The 31P 

NMR measurements (Avance NEO 600; Bruker, Billerica, MA, USA) were performed 

at room temperature. 

2.2.7 Density functional theory calculation 

The density functional theory (DFT) calculation was carried out using the 

Quantum Espresso package, with the plane-wave pseudopotential approach [Giannozzi 

et al., 2017; Giannozzi et al., 2009; Lejaeghere et al., 2016; Prandini et al., 2018]. The 

Perdew–Burke–Ernzerhof generalized gradient approximation density function was 

employed to calculate the exchange and correlation energies [Perdew et al., 1996]. The 

Hubbard correction of U = 3.125 eV was applied to the Ce 4f orbitals, according to 

previous studies, to achieve both electronic and energetic accuracy [Hubbard, 1963; 

Muhich et al., 2017]. The cut-off energy for the plane waves was 50 Ry and the structure 

was relaxed until the total force was less than 0.02 eV/Å. The conventional cell of the 

CeO2 NPs was optimized with k-points of 6 × 6 × 6. The lattice constant increased from 

5.411 to 5.494 Å after optimization 
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2.3 Biological assessment 

2.3.1 Cell culture 

The immortalized human neural progenitor cell line, ReNcell CX, which is derived 

from 14-week human cortical brain tissue, was obtained from EMD Millipore 

(Darmstadt, Germany; SCC007). Cells were cultured in ReNcell NSC Maintenance 

Medium (Millipore, SCM005) containing 20 ng mL-1 of epidermal growth factor 

(PeproTech, AF-100-15), 20 ng mL-1 of basic fibroblast growth factor (PeproTech, AF-

100-18B), 5 mg mL-1 of penicillin, 5 mg mL-1 of streptomycin, and 10 mg mL-1 of 

neomycin (Thermo Fisher Scientific, 15640). Cells were routinely cultured on laminin-

coated tissue culture flasks/dishes. All of the cultured cells were maintained at 37°C in 

a 5% CO2-humidified cell culture incubator. The culture medium was changed every 

2-3 d following the manufacturer’s recommended protocol. 

All flasks, dishes, plates, and nanomatrices used to culture ReNcell CX cells 

require a laminin coating. The prepared nanomatrices were sterilized at 121°C for 20 

min using an autoclave (Electrically Heated Boiler, HG-50; Japan). Before use in the 

experiments, the sterilized nanomatrices were dried in an electric thermostatic drying 

oven (DHG-9031A; China). Various sizes of nanomatrices were then placed in 

corresponding petri dishes or plates for subsequent laminin coating and cell 

experiments. To perform the laminin coating, condensed laminin was thawed and 

diluted to 20 μg mL-1 in Dulbecco’s modified Eagle’s medium/F12. Add enough of the 

diluted laminin solution to make sure the whole surface of the tissue culture-ware and 



 

30 

 

nanomatrices were covered. Incubate at 4 °C overnight. Remove the laminin solution 

in the coated culture-ware and rinse the culture-ware three times with PBS before used. 

The laminin-coated flasks can receive the cells. 

To assess the proliferation of the ReNcell CX cells, they were allowed to reach 

around approximately 80% confluency and were then digested with Accutase 

(Millipore, Darmstadt, Germany) for approximately 3 min. After the cells were digested 

and the Accutase inactivated with PBS, the cell suspensions were transferred to fresh 

tubes and centrifuged at 300 × g for 3 min to pellet the cells. The supernatant was 

removed, and the pellets were then re-suspended three times in 1 mL of culture medium. 

Cell counting was performed using a hemocytometer and the cells were diluted 1:1 in 

a 0.4% trypan blue solution. Finally, the cell suspensions were diluted in medium 

containing growth factors to an appropriate concentration, transferred to laminin-coated 

tissue culture plates or nanomatrices, and returned to the incubator at 37°C. 

To assess the differentiation of the ReNcell CX cells, they were cultured in 

ReNcell Maintenance Medium without additional growth factors. The cells were 

allowed to reach the appropriate level of confluency in growth medium over a 2-3 d 

period and cell differentiation was initiated by withdrawing the growth factors. ReNcell 

NSC Maintenance Medium was refreshed every 2-3 d for 1-2 weeks, and the cells were 

collected for assays or fixed for immunocytochemical analysis after 7 or 14 d of 

differentiation, respectively. All of the cells in this study were used within 10 passages. 
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2.3.2 MTT assay 

Cell viability was measured according to the formation of purple formazan from 

yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT). The 

concentration of viable cells was determined by the amount of purple formazan, which 

was detected by spectrophotometry. Cell viability was used to determine the effective 

treatment concentration. In the experiments discussed in Chapter 2, the viability of 

ReNcell CX cells cultured on Fe2O3 CNPs was assessed using MTT assays. ReNcell 

CX cells were seeded onto LH- and RH-Fe2O3 CNPs in laminin-coated 48-well plates; 

cultured for 24, 48, and 72 h; and differentiated for 3 or 7 d after adhesion. In the 

experiments discussed in Chapter 3, CeO2-induced cytotoxicity was monitored in 

ReNcell CX cells using MTT assay. ReNcell CX cells were seeded onto laminin-coated 

96-well plates at a density of 1 × 104 cells/well and cultured overnight to allow adhesion. 

The cells were then treated with the cube-, rod- and octahedron-shaped CeO2 NPs at 

different concentrations (10, 25, 50, and 100 μg mL-1) for 24, 48, and 72 h. In the 

experiments discussed in Chapter 4, the viability of cells cultured under treatment with 

CeO2 in the presence of H2O2 was measured using MTT assay. The ReNcell CX cells 

were seeded onto laminin-coated 96-well plates at a density of 1 × 104 cells/well and 

cultured overnight for adhesion. The cells were incubated with cube-, rod-, and 

octahedron-shaped CeO2 NPs (25 μg mL-1) for 24 h and were then incubated with or 

without H2O2 (200 μM) for an additional 2 h. N-acetyl cysteine (NAC, 1 mM) was used 

as a positive control. After treatment, 0.5 mg mL-1 of MTT reagent was added and the 
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cells were incubated at 37°C for 2 h. Dimethyl sulfoxide (DMSO) was added to dissolve 

the formazan crystals and the absorbance of each well at was measured at 570 and 630 

nm by using a microplate reader. The cell viability (%) was expressed as a percentage 

relative to the control group. 

2.3.3 Live/dead assay 

In the experiments discussed in Chapter 2, the viability of ReNcell CX cells 

cultured on Fe2O3 CNPs was also measured using a live/dead kit (Invitrogen L3224, 

Thermo Fisher Scientific), according to the manufacturer’s instructions. Briefly, the 

ReNcell CX cells were seeded onto laminin-coated LH- and RH-Fe2O3 CNPs (3 × 104 

cells/well) in 4-well plates and cultured overnight to allow adhesion. In the experiments 

discussed in Chapter 3, the ReNcell CX cells were seeded onto laminin-coated glass 

coverslips (4 × 104 cells/well) and cultured overnight to allow adhesion. They were then 

incubated with cube-, rod-, and octahedron-shaped CeO2 NPs (25 μg mL-1) for 24 h. In 

the experiments discussed in Chapter 4, the viability of cells cultured under treatment 

with CeO2 in the presence of H2O2 was also measured using a live/dead kit (Invitrogen 

L3224), according to the manufacturer’s guides. Briefly, the ReNcell CX cells were 

seeded onto laminin-coated glass coverslips (4 × 104 cells/well) and cultured overnight 

to allow adhesion. They were incubated with cube-, rod-, and octahedron-shaped CeO2 

NPs (25 μg mL-1) for 24 h, and then incubated with H2O2 (200 μM) for an additional 2 

h. NAC (1 mM) was used as a positive control. After treatment, the cells were incubated 
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with live/dead reagent for 30 min and images were captured under a fluorescence 

microscope. 

2.3.4 Ki67 staining assay 

The proliferative ability of ReNcell CX cells cultured on Fe2O3 CNPs was 

measured using Ki67 staining. Briefly, the ReNcell CX cells were seeded onto laminin-

coated LH- or RH-Fe2O3 CNPs (3 × 104 cells/well) in 4-well plates and cultured 

overnight to allow adhesion. After incubation in proliferation medium for 48 h, the cells 

were fixed by with 4% paraformaldehyde (PFA) for 15 min and then permeabilized and 

blocked in 0.4% Triton X-100 (Sigma, St Louis, MO, USA) with 5% bovine serum 

albumin (BSA) in PBS for 30 min at room temperature. Anti-Ki67 antibodies (ab16667; 

Abcam, Cambridge, UK; 1:500) were diluted in PBS with 0.01% Triton X-100, 5% 

normal goat serum (ab7481, AbCAM), and 1% BSA. The samples were incubated with 

anti-Ki67 antibodies overnight at 4°C. They were then rinsed three times with PBS and 

incubated with a goat anti-rabbit IgG (A27034, Alexa Fluor 488-conjugated, Thermo 

Fisher, 1:2,000) secondary antibody in PBS containing 0.01% Triton X-100 for 1 h in 

the dark. The nuclei were then stained with 4′,6-diamidino-2-phenylindole (DAPI) for 

5 min in the dark. Finally, the stained cells were mounted with a fluorescence mounting 

medium (Dako, Glostrup, Denmark) and visualized using a confocal fluorescence 

microscope. At least five observation fields per slide were captured and quantified. The 

slides were randomly scored and the number of Ki67+ cells was counted by 
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investigators who were blind to the treatment group. The total number of cells was 

quantified based on the number of DAPI-positive nuclei. 

2.3.5 Filamentous actin staining 

The spreading of ReNcell CX cells cultured on Fe2O3 CNPs was explored using 

F-actin (phalloidin−rhodamine) staining. The fluorescent staining process was similar 

to the process described in Section 2.3.4. ReNcell CX cells were incubated for 48 h on 

LH- or RH-Fe2O3 CNPs, and were then fixed using 4% PFA, and permeabilized and 

blocked with 0.4% Triton X-100 containing 5% BSA in PBS for 30 min at room 

temperature. Thereafter, the cell cytoskeleton and nuclei were stained with 

phalloidin−rhodamine for 20 min and DAPI for 5 min, respectively. Finally, the stained 

cells were visualized using a confocal fluorescence microscope. At least five 

observation fields per slide were captured and quantified. The spreading area was 

measured using Image J software (National Institutes of Health, Bethesda, MD, USA) 

and the total number of cells was quantified based on the number of DAPI-positive 

nuclei. 

2.3.6 EdU staining 

To determine the proliferative ability of NPCs, 5-ethynyl-2′-deoxyuridine (EdU) 

incorporation assay was implemented using a Cell-LightTM EdU Apollo® 567 in vitro 

imaging kit (C10310-1; RiboBio, Guangzhou, China) according to the manufacturer’s 

instructions. ReNcell CX cells were seeded onto laminin-coated LH- or RH-Fe2O3 
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CNPs (3 × 104 cells/well) in 4-well plates and cultured overnight to allow adhesion. 

After incubation in proliferation medium for 48 h and differentiation medium for 3-7 d, 

the cells were labeled with EdU solution for 24 h, fixed, and stained with Apollo® 567. 

Finally, the nuclei were stained with DAPI for 5 min in the dark. The stained cells were 

visualized using a confocal fluorescence microscope. At least five observation fields 

per slide were captured and quantified. EdU-positive cells were counted using Image J 

software and the total number of cells was quantified based on the number of DAPI-

positive nuclei. 

2.3.7 Cellular uptake of CeO2 NPs 

Fluorescent labeling was used to detect the cellular uptake of CeO2 NPs. Cy5.5-

labeled CeO2 NPs were synthesized and used for the cell uptake studies. Cell surface 

staining was performed using Membrite® 594/615 (30096-T; Biotium, Fremont, CA, 

USA). Briefly, ReNcell CX cells were seeded onto laminin-coated 4-well chamber 

slides at a density of 1 × 104 cells/well and cultured overnight to allow adhesion. The 

cells were then treated with the Cy5.5-labeled cube-, rod-, and octahedron-shaped CeO2 

NPs at 25 μg mL-1 for 3, 6, and 24 h. After the specified time interval, the culture 

medium was removed, and Pre-Staining Solution (Biotium) was added in buffer to 

completely cover the cells. The cells were incubated in Pre-Staining Solution for 5 min 

at 37°C. After removing the Pre-Staining Solution, add enough dye solution (dilute in 

medium) to cover the cells and incubate at 37°C for 5 minutes. After that, the cells were 

fixed with 4% PFA for 20 min and permeabilized in 0.1% Triton X-100 (Sigma) in PBS 
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for 10 min at room temperature. Finally, the cells were stained with Hoechst® 33342 

dye (Invitrogen, Carlsbad, CA, USA) for 30 min. The cells were then viewed and 

imaged under a confocal microscope (TCS SP5 II; Leica, Wetzlar, Germany). The 

nuclei stained with Hoechst® 33342 dye showed a blue color, Cy5.5-labeled CeO2 NPs 

appeared red, and the cell membrane stained with Membrite® 594/615 appeared green. 

2.3.8 Intracellular uptake 

The cellular uptake of Cy5.5-labeled CeO2 NPs was determined by co-staining the 

cells with LysoTracker Green (L7526, Thermo Fisher Scientific) and Hoechst 33342. 

Briefly, the ReNcell CX cells were seeded onto laminin-coated 4-well chamber slides 

at a density of 3 × 104 cells/well and cultured overnight. The cells were incubated with 

Cy5.5-labeled cube-, rod-, and octahedron-shaped CeO2 NPs (25 μg mL-1) for 1, 3, and 

6 h. They were then stained with LysoTracker Green for 30 min, and the nuclei were 

stained with Hoechst 33342 for 10 min. Finally, the cells were imaged using a confocal 

microscope (TCS SP5 II, Leica). 

2.3.9 Subcellular localization 

The subcellular localization of CeO2 NPs was determined by co-staining with 

MitoTracker Green (M7514, Thermo Fisher Scientific) and Hoechst 33342. Briefly, the 

ReNcell CX cells were seeded onto laminin-coated 4-well chamber slides at a density 

of 3 × 104 cells/well and cultured overnight. They were then incubated with Cy5.5-

labled cube-, rod-, and octahedron-shaped CeO2 NPs (25 μg mL-1) for 3, 6, and 24 h. 
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Then cells were stained with MitoTracker Green for 30 min, and the nuclei were stained 

with Hoechst 33342 for 10 min. Finally, the prepared microscope slides were visualized 

under a confocal fluorescence microscope (TCS SP5II, Leica). 

2.3.10 Monitoring intracellular CeO2 NPs 

ReNcell CX cells were seeded onto 4-well laminin-coated chamber slides (80426; 

Ibidi, Gräfelfing, Germany) with 8 × 104 cells per well and allowed to grow to 60% 

confluency. The cells were first incubated with 25 µg/mL of cube-, rod-, and 

octahedron-shaped CeO2 NPs for 24 h at 37°C. They were then fixed with fresh 4% 

PFA for 15 min and permeabilized with 0.2% Triton X-100 for 10 min at room 

temperature after washing twice with PBS to remove non-internalized CeO2 NPs. The 

cell nuclei were stained with DAPI, and the cells were pre-incubated with 50 mM of o-

phenylenediamine (OPD) in acetate buffer for 30 min at room temperature, and then 

incubated with 50 mM H2O2 for 1.5 h. For experiments using DHXP dye, the cell nuclei 

were stained with DAPI and the cells were pre-incubated with 10 mM DHXP for 1 h. 

The chamber slides were mounted with a drop of fluorescence mounting medium (Dako 

North America, Inc., Carpinteria, CA, USA) to reduce photobleaching. The images of 

prepared samples were captured under a confocal fluorescence microscope (TCS SP5II, 

Leica). 
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2.3.11 Flow cytometry 

ReNcell CX cells were seeded onto laminin-coated 6-well plates and treated with 

cube-, rod-, and octahedron-shaped CeO2 NPs (25 μg mL-1) for 24 h. They were then 

digested and suspended in Hanks’ balanced salt solution (HBSS). The presence of 

particles inside the ReNcell CX cells was determined using a flow cytometry (FCM).  

2.3.12 LDH leakage assay 

Lactate dehydrogenase (LDH), a cytosolic enzyme exist in several different cell 

types, is an explicit and reliable sign of cytotoxicity. The activity of cytoplasmic LDH 

released into the culture media was determined using an LDH Cytotoxicity Assay 

(C20300, Thermo Fisher Scientific). Briefly, 1 × 104 ReNcell CX cells per well were 

seeded onto a 96-well laminin-coated plate and cultured overnight to allow adherence. 

After the overnight incubation, the cells were treated with cube-, rod-, and octahedron-

shaped CeO2 NPs at different final concentrations (0, 10, 25, 50, and 100 μg mL-1) for 

24 h. Following the manufacturer’s instructions, 50 μL of medium from each sample 

was transferred to a new 96-well flat-bottom plate in triplicate wells, and 50 μL of 

Reaction Mixture was added to each sample well. After mixing the samples well, the 

plate was incubated at room temperature for 30 min protected from light. The reaction 

was terminated by adding 50 μL of Stop Solution. Red formazan was detected 

spectrophotometrically at 490 nm. The cell viability (%) was expressed as a percentage 

relative to the untreated control cells. 
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2.3.13 Measurement of intracellular ROS 

The generation of intracellular ROS was measured using the thiol-reactive 

chloromethyl group of the 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (CM-

H2DCFDA) probe (Thermo Fisher Scientific, C6827), which is commonly used as an 

indicator of intracellular ROS. ReNcell CX cells were seeded onto a 96-well laminin-

coated black, clear-bottom plate at a density of 1 × 104 cells per well and cultured 

overnight to allow adherence. In the experiments discussed in Chapter 3, the cells were 

incubated with cube-, rod-, and octahedron-shaped CeO2 NPs at different 

concentrations (0, 10, 25, 50, and 100 μg mL-1) for 24 h. In the experiments discussed 

in Chapter 4, the cells were treated with cube-, rod-, and octahedron-shaped CeO2 NPs 

(25 μg mL-1) for 24 h and then incubated with H2O2 (200 μM) for an additional 2 h. 

Subsequently, all samples were incubated with 3 μM CM-H2DCFDA for 30 min at 

37°C in the dark. Each well was then washed once with HBSS and the green 

fluorescence intensity was detected at excitation and emission wavelengths of 495 and 

525 nm, respectively. Images were obtained under a fluorescence microscope. 

2.3.14 TUNEL staining assay 

The TUNEL staining assay was performed to measure apoptotic cells. This was 

achieved using a Click-iTTM Plus TUNEL apoptosis assay kit (C20300, Thermo Fisher 

Scientific), according to the manufacturer’s instructions. After treating cells with CeO2 

NPs using the same method as in the live/dead assay, they were fixed with 4% PFA for 

15 min, permeabilized with 0.25% Triton X-100 in PBS for 20 min at room temperature 
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and incubated with the TUNEL working solution for 1 h at 37°C in the dark. The nuclei 

were stained with DAPI (Thermo Fisher Scientific, D1306) for 5 min. Images were 

captured using a fluorescence microscope, and the number of TUNEL+/DAPI+ cells 

was analyzed. 

2.3.15 Mitochondrial membrane potential 

Mitochondrial membrane potential (MMP) was estimated using the JC-1 

mitochondrial membrane potential probe (Invitrogen, T3168). The ReNcell CX cells 

were seeded onto laminin-coated 4-well chamber slides at a density of 3 × 104 cells/well 

and cultured overnight to allow adhesion. After performing CeO2 NP treatment using 

the same method as in the live/dead assay, the mitochondria were stained with JC-1 in 

culture medium for 30 min and the nuclei were stained with Hoechst 33342 (Thermo 

Fisher Scientific, 62249) for 10 min. After washing three times with PBS, the cells were 

imaged using a confocal microscope (Leica, TCS SP5 II). JC-1 monomers and 

aggregates were detected at excitation/emission wavelengths of 485/530 and 535/590 

nm, respectively. The red/green fluorescence ratio was quantified using Image Lab 

(Bio-Rad, Hercules, CA, USA) and Image J. 

2.3.16 Detection of lipid peroxidation 

Malondialdehyde (MDA) measurements were performed using a lipid 

peroxidation MDA assay kit (Abcam, ab118970). The ReNcell CX cells were seeded 

onto 10-cm laminin-coated dishes at 2 × 106 cells/dish. After treatment with CeO2 NPs 
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using the same method as in the live/dead assay, the cells were scraped and 

homogenized on ice in 300 μL of lysis buffer with 3 μL of butylated hydroxytoluene, 

after which they were washed with cold PBS. The supernatant was then collected after 

centrifugation at 13,000 × g for 10 min. Subsequently, a 200 μL aliquot of the 

supernatant was mixed with 600 μL of thiobarbituric acid (TBA) reagent and incubated 

for 60 min at 95°C. Meanwhile, the protein content was measured using a bicinchoninic 

acid (BCA) protein assay (Thermo Fisher, 23227). MDA levels were determined by 

measuring the absorbance at 532 nm and the results were calculated as the proportion 

of MDA-TBA (nmol) to the total amount of cellular protein (mg). The data were 

presented as the percentage in relation to the MDA level in untreated control cells. 

2.3.17 Cellular GSH levels 

The GSH level in ReNcell CX cells treated with CeO2 NPs was quantified using a 

fluorometric glutathione assay kit (Abcam, ab65322). The ReNcell CX cells were 

seeded onto laminin-coated 6-cm dishes at 1 × 106 cells/dish to allow adhesion. After 

treatment with CeO2 NPs (using the same method as in the live/dead assay), the cells 

were washed with cold PBS and lysed in 100 μL of cell lysis buffer for 10 min on ice 

and centrifuged at 10,000 × g for 10 min at 4°C. The supernatant was collected and the 

amount of total protein was measured using a BCA protein assay (Thermo Fisher 

Scientific, 23227). For the GSH assay, the supernatant was precipitated in 100% 

trichloroacetic acid and centrifuged again at 12,000 × g for 5 min at 4°C. It was then 

neutralized with 4 M KOH to a pH of 6.5-8. A 100 μL aliquot of deproteinized and 
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neutralized sample supernatant was mixed with 2 μL of glutathione S-transferase 

reagent and 2 μL of monochlorobimane in a black 96-well plate and incubated for 30 

min at 37°C. Fluorescence was measured at excitation/emission wavelengths of 

380/461 nm using a multi-mode microplate reader. 

2.3.18 Western blotting 

In the experiments discussed in Chapter 3, ReNcell CX cells were seeded onto 

laminin-coated LH- or RH-Fe2O3 CNPs (3 × 104 cells/cm2) in 6-well plates and cultured 

overnight to allow adhesion. After incubating in proliferation medium for 48 h and 

differentiation medium for 3-7 d, samples were collected. In the experiments described 

in Chapter 4, ReNcell CX cells were seeded onto laminin-coated dishes at a density of 

3 × 104 cells/cm2 and cultured overnight to allow adhesion. After 48 h, cell 

differentiation was induced by replacing the growth factor-free culture medium 

supplemented with or without cube-, rod-, and octahedron-shaped Fe2O3 CNPs (25 μg 

mL-1). The differentiation media were replaced every 48-72 h. After 2 weeks of 

differentiation, samples were collected. Total cellular protein was then extracted, and 

protein concentrations were determined using a BCA protein assay kit (Thermo Fisher 

Scientific, 23227). Cellular proteins (20 μg) were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (8% separating, 5% stacking) and transferred to 

polyvinylidene difluoride membranes (Bio-Rad). The membranes were blocked with 5% 

non-fat dry milk in Tris-buffered saline (TBS) containing 0.1 % Tween 20. The 

membranes were then incubated overnight at 4°C with primary antibodies against 
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Nestin (Millipore, MAB5326, 1:1,000), SOX2 (Cell Signaling Technology, Danvers, 

MA, USA; 2748, 1:1,000), βIII-tubulin (Abcam, ab7751, 1:1,000), MAP2 (Abcam, 

ab11267, 1:1,000), GFAP (Cell Signaling Technology, 12389S, 1:1,000), -GSK-3β 

(Ser9) (Cell Signaling Technology, 9336S, 1:1,000), GSK-3β (Cell Signaling 

Technology, 9315, 1:1,000), non-p (active) β-catenin (Cell Signaling Technology 

8814S, 1:1,000), β-catenin (Cell Signaling Technology, 8480P, 1:1,000), p-AKT 

(Ser473) (Cell Signaling Technology, 4060S, 1:1,000), AKT (Cell Signaling 

Technology, 9272S, 1:1,000), and GAPDH Cell Signaling Technology, 8884S, 

1:1,000). The complementary secondary antibody was added to the membranes and 

incubated for 1 h at room temperature. Images of the labeled bands were captured using 

a ChemiDoc Touch imaging system (Bio-Rad) and quantified using Image Lab and 

Image J software. 

2.3.19 Immunocytochemistry 

Similar to the treatment described in Section 2.3.18, the ReNcell CX cells were 

seeded onto laminin-coated 4-well chamber slides at a density of 3 × 104 cells/cm2 and 

cultured. After 2 weeks of differentiation, the cells were fixed with 4% PFA for 15 min 

and then permeabilized and blocked in 0.4% Triton X-100 (Sigma) with 5% BSA in 

PBS for 30 min at room temperature. Primary antibodies against the NPC marker, 

Nestin (Millipore MAB5326, 1:1,000); the neuronal markers, βIII-tubulin (Abcam, 

ab7751, 1:1,000) and MAP2 (Abcam, ab11267, 1:1,000); and the astrocyte marker, 

GFAP (Cell Signaling Technology, 12389S, 1:1,000) were diluted in PBS containing 
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0.01% Triton X-100, 5% normal goat serum (Abcam, ab7481), and 1% BSA. The 

samples were incubated with primary antibodies overnight at 4°C. After rinsing three 

times with PBS, they were incubated with secondary antibodies, goat anti-rabbit IgG 

(Thermo Fisher Scientific, A27034, Alexa Fluor 488-conjugated, 1:2,000) or goat anti-

mouse IgG (Thermo Fisher Scientific, A-11030, Alexa Fluor 546-conjugated, 1:2,000) 

in PBS containing 0.01% Triton X-100 for 1 h in the dark. The nuclei were then stained 

with DAPI for 5 min in the dark. Finally, the stained cells were mounted with a 

fluorescence mounting medium (Dako) and visualized using a confocal fluorescence 

microscope. At least five observation fields per slide were captured and quantified. The 

slides were randomly scored and the number of GFAP+, βIII-tubulin+, or MAP2+ cells 

was counted by investigators who were blind to the treatment group. The total number 

of cells was quantified based on the number of DAPI-positive nuclei. 

2.3.20 Statistical analysis 

All of the experimental data were expressed as the mean ± standard deviation (SD). 

Using SPSS 20.0 software (IBM, Armonk, NY, USA), the data were analyzed by one-

way ANOVA followed by a least significant difference (LSD) test to evaluate whether 

the means were significantly different. P < 0.05 was considered as statistically 

significant. Western blotting results and immunocytochemistry images were analyzed 

using Image J software. All of the graphs were made using Prism 8.0 (GraphPad, San 

Diego, CA, USA).  
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CHAPTER 3 Effects of chirality-dependent Fe2O3-nanomatrix on 

human neural progenitor cell fate 

3.1 Background  

Manipulating NSC and NPC fate is of great importance for improving the 

effectiveness of the transportation of these cells to treat neurodegenerative disorders. A 

wide variety of factors, both soluble and insoluble, have been demonstrated to affect 

stem cell behavior via biomolecular and topographical cues in the natural 

microenvironment [Yang et al., 2013]. Recently, the study of the extracellular matrix 

(ECM) characteristics (e.g. morphology, stiffness, and chirality) that regulate stem cell 

fate has become a hot research topic [Engler et al.,2006; Yang et al., 2012; Wen et al., 

2014]. In this section, the effect of the Fe2O3 CNP matrix at modulating NPC phenotype 

and function was reported. The LH- and RH-Fe2O3 CNPs were prepared and 

characterized. The effects of LH- and RH-Fe2O3 CNPs on the fate of NPCs were 

explored. According to the results, both LH- and RH-Fe2O3 CNPs showed good 

biocompatibility and promoted cell spreading and growth. In addition, Fe2O3 CNPs 

maintained the proliferative ability of NPCs while inhibiting their differentiation. LH-

Fe2O3 CNPs showed superior performance to RH-Fe2O3 CNPs. 

  



 

46 

 

3.2 Results 

3.2.1 Fe2O3 CNPs preparation and characterization 

Glancing angle deposition (GLAD) is a specific system that allows the wafer-scale 

production of different chiral structures on various substrates. In this study, LH- and 

RH-Fe2O3 CNPs were created using GLAD. The chirality of the matrices was 

characterized by scanning electron microscopy (SEM) for structure and extinction, and 

circular dichroism spectroscopy was used for optical characterization. As shown in 

Figure 3.1A, SEM analysis showed highly well-proportioned nanohelical structures on 

the fabricated substrates. The LH and RH matrices showed great mirror-image signals 

that were equal in intensity and opposite in chirality (Figure 3.1B), indicating reversed 

chirality. 
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Figure 3.1 Structural and optical characterization of Fe2O3 CNPs. (A) SEM images 

of left-handed (LH)- and right-handed (RH)-Fe2O3 NPs. Scale bar = 200 nm. (B) CD 

spectra of LH- and RH-Fe2O3 NPs with a nominal particle size ≈ 10 nm. 
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3.2.2 LH-/RH-Fe2O3 CNPs are biocompatible 

To test the biocompatibility of the prepared LH- and RH-Fe2O3 CNPs, the effects 

of Fe2O3 CNPs on cell viability were examined by MTT assays in hNPCs (ReNcell CX 

cells). As shown in Figure 3.2A, greater than 95% cell viability was observed with LH-

and RH-Fe2O3 CNPs after 24, 48, and 72 h of culture, which indicated that LH- and 

RH-Fe2O3 CNPs have good cytocompatibility. In addition, live/dead assays, in which 

living and dead cells were stained green and red, respectively, demonstrated similar cell 

viability levels of NPCs incubated with LH- and RH-Fe2O3 CNPs for 48 h. Cells 

incubated with either structure were indistinguishable from those cultured on 

commercial tissue culture polystyrene (i.e. the control group). To further examine 

whether LH- and RH-Fe2O3 CNPs influenced the proliferative ability of the cells, Ki67 

staining was performed (Figure 3.2C and D). Analyses of immunohistochemical images 

and Ki67 staining quantification showed that LH- and RH-Fe2O3 CNPs did not 

significantly decrease the number of Ki67-positive cells compared with the control 

condition, which indicates that Fe2O3 CNPs were able to maintain the proliferation of 

NPCs. This finding illustrates that LH- and RH-Fe2O3 CNPs are biocompatible. 
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Figure 3.2 LH- and RH- Fe2O3 CNPs are biocompatible. Viability of ReNcell CX 

cells cultured on Fe2O3 CNPs monitored using (A) MTT assay (after 24, 48, and 72 h 

of culture) and (B) live/dead assays (after 48 h of culture). Living and dead cells were 

stained green and red, respectively. Scale bars = 100 μm. The proliferative ability of 

cells cultured on Fe2O3 CNPs was determined using Ki67 staining. (C) Representative 

images of immunohistochemical staining of Ki67 in ReNcell CX cells. Scale bars = 

100 μm. (D) Quantification of Ki67-positive cells. Data were presented as mean ± SD 

from three independent experiments. *P<0.05, compared with control.  
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3.2.3 LH-/RH-Fe2O3 CNPs promote cell spreading 

Cell morphology was observed after 48 h of culturing NPCs on LH- and RH-Fe2O3 

CNP surfaces. The cytoskeletons and nuclei were fluorescently stained with F-actin 

(green) and Hoechst 33342 (blue), respectively. As shown in Figure 3.3, the spreading 

area of the cell body was measured, and the number of nuclei were counted directly. 

The average cell spreading area per cell for ReNcell CX cells was 1,250 ± 137 μm2 on 

LH-Fe2O3 CNPs, which was 1.23 times higher than the spreading area on RH-Fe2O3 

CNPs (1,027 ± 21 μm2). The average spreading area per cell on both LH- and RH-

Fe2O3 CNPs was higher than the average spreading area on the control group (643 ± 65 

μm2). Based on the growth and adhesion of the cells on Fe2O3 CNP surfaces, it is clear 

that molecular chirality of the Fe2O3 nanomatrices promotes cell adhesion and 

spreading. Of note, LH-Fe2O3 CNPs were better than RH-Fe2O3 CNPs at promoting 

cell spreading.  
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Figure 3.3 LH- and RH-Fe2O3 CNPs promote cell spreading. Fluorescence 

microscopy images of NPCs after 48 h of culture on LH- and /RH-Fe2O3 CNPs surface. 

Cytoskeleton and nuclei were stained green and blue, respectively. The average 

spreading area per cell was calculated for ReNcell CX cells. Data were presented as 

mean ± SD from three independent experiments. **P<0.01, ***P<0.01 compared with 

control. #P<0.05, compared with LH- Fe2O3 CNPs. 
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3.2.4 LH-/RH-Fe2O3 CNPs maintain the proliferative ability of NPCs  

It is reported that mitogen withdrawal is regarded as the easiest way to induce the 

differentiation of NSCs and NPCs [Gage, 2000]. To explore the effects of Fe2O3 CNPs 

on the differentiation process of NPCs, after 48 h of proliferation, the cells that were 

seeded onto LH- and RH-Fe2O3 CNPs were differentiated by withdrawing growth 

factors from the culture medium. After 3 d or 7 d of spontaneous differentiation, the 

viability and proliferative ability of the cells were measured. As shown in Figure 3.4A, 

the ReNcell CX cells seeded on LH- and RH-Fe2O3 CNPs showed significantly 

increased viability compared to control, which indicated that LH- and RH-Fe2O3 CNPs 

increased the number of cells, even after they had differentiated. Similarly, image 

analysis and EdU staining quantification showed that LH- and RH-Fe2O3 CNPs increased 

the number of cells with the ability to proliferate (Figure 3.4B and C). Of note, there was 

no difference between LH- and RH-Fe2O3 CNPs after 3 d of differentiation. The data 

after 7 d of differentiation showed that LH- and RH-Fe2O3 CNPs markedly increased 

the viability of cells and the number of EdU-positive cells, with LH-Fe2O3 CNPs 

exerting a greater effect than RH-Fe2O3 CNPs (Figure 3.5). These results demonstrate 

that Fe2O3 CNPs maintained the proliferative ability of NPCs, and LH-Fe2O3 CNPs 

performed better than RH-Fe2O3 CNPs. 
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Figure 3.4 LH- and RH-Fe2O3 CNPs maintain the proliferative ability of NPCs. 

The ReNcell CX cells were seeded onto Fe2O3 CNPs for adhesion overnight and were 

then differentiated for 3 d after growth factor withdrawal. After differentiation, (A) the 

viability of cells cultured on Fe2O3 CNPs was monitored using MTT assay. The 

proliferative ability of cells cultured on Fe2O3 CNPs was determined using EdU assay. 

(B) Representative images of EdU staining in ReNcell CX cells. Scale bars = 100 μm. 

(C) Quantification of EdU-positive cells. Scale bars = 100 μm. (C) Quantification of 

EdU positive cells. Data were presented as mean ± SD from three independent 

experiments. *P<0.05, compared with control.  
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Figure 3.5 LH- and RH-Fe2O3 CNPs maintain the proliferative ability of NPCs. 

The ReNcell CX cells were seeded onto Fe2O3 CNPs for adhesion overnight and were 

then differentiated for 7 d after growth factor withdrawal. After differentiation, (A) the 

viability of cells cultured on Fe2O3 CNPs was monitored using MTT assay. The 

proliferative ability of cells cultured on Fe2O3 CNPs was determined using EdU assay. 

(B) Representative images of EdU staining in ReNcell CX cells. Scale bars = 100 μm. 

(C) Quantification of EdU-positive cells. Scale bars = 100 μm. (C) Quantification of 

EdU positive cells. Data were presented as mean ± SD from three independent 

experiments. *P<0.05, **P<0.01, ***P<0.01 compared with control. #P<0.05, ##P<0.01, 

compared with LH- Fe2O3 CNPs. 
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3.2.5 LH-/RH-Fe2O3 CNPs inhibited neuronal differentiation of NPCs 

To further verify the ability of LH- and RH-Fe2O3 CNPs to maintain cell 

proliferation, the ReNcell CX cells were differentiated for 7 d on Fe2O3 CNPs, after 

which the expression levels of NPC markers (i.e. Nestin and SOX-2), neuron-specific 

markers (i.e. MAP2), and neuroglial-cell-specific markers (i.e. GFAP) were evaluated 

by western blotting. As presented in Figure 3.6, Fe2O3 CNPs induced significant 

increases in the expression levels of Nestin and SOX-2 protein (NPC markers) 

compared with their levels in the control cells. Furthermore, growth on Fe2O3 CNPs 

resulted in an obvious decrease in MAP2 (neuronal maker) protein levels. Of note, 

higher levels of Nestin and SOX-2 protein expression and lower levels of MAP2 protein 

expression were observed on LH-Fe2O3 NPs than on RH-Fe2O3 NPs, indicating that 

Fe2O3 CNPs tend to suppress the differentiation of NPCs into neurons. Moreover, LH-

Fe2O3 NPs had a greater effect than RH-Fe2O3 NPs on the inhibition of neuronal 

differentiation. Meanwhile, there was no difference in the expression level of GFAP 

between the Fe2O3 CNP group and the control group, indicating that Fe2O3 CNPs had 

no effect on the differentiation of NPCs into astrocytes.  
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Figure 3.6 LH- and RH-Fe2O3 CNPs inhibit the neuronal differentiation of NPCs. 

The cells were differentiated for 7 d on Fe2O3 CNPs. After differentiation, western 

blotting analysis was performed for the marker proteins, Nestin, SOX-2, MAP2 and 

GFAP. (A) Representative images of western blots. (B) Quantification of the western 

blotting analysis of protein expression levels. GAPDH was used as a reference protein. 

The data were presented as mean ± SD (n=3) from three independent experiments. 

*P<0.05, **P<0.01, ***P<0.01 compared with control. #P<0.05, compared with LH- 

Fe2O3 CNPs. 
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3.3 Discussion and conclusion 

Micro- or nanoscale surface patterns may regulate and promote the growth, spreading, 

proliferation, and differentiation of NSCs. It has been reported that stem cells are 

surrounded by the ECM, which supplies the cells with biomolecular and environmental 

cues that influence biological activity [Yang et al., 2013]. Chirality, one of the heterogenic 

characteristics of the ECM, facilitates elegant and complex physiological cell–environment 

interactions by providing high-density functional groups and multiple touch points [Zhou 

et al, 2017; Wei et al., 2019]. Many studies have shown that chiral nanofilms or 

nanoparticles effectively modulate many biological processes including cytotoxicity, cell 

adhesion, and the differentiation of MSCs [Anderson et al., 2009; Wei et al., 2019]. 

However, the effects of chiral construction on NSCs and NPCs remain largely 

unexplored. Thus, in this study, we synthesized LH- and RH-Fe2O3 CNPs and explored 

how the chirality of Fe2O3 CNPs affects hNPC growth and differentiation.  

In general, high level of cellular biocompatibility is reached when a material 

interacts with the host without inducing undesirable toxic, immunogenic, or 

carcinogenic responses [Naahidi et al., 2013]. The biocompatibility of the prepared 

Fe2O3 CNPs was determined by MTT and live/dead assays, and their effects on cell 

proliferative capacity were assessed by Ki67 staining. In the MTT assay, no significant 

cell death was observed for ReNcell CX cells on Fe2O3 CNPs (Figure 3.2A). The same 

phenomenon was observed in live/dead assays (Figure 3.2B). It has been reported that 

the expression level of Ki67 is strongly associated with cell proliferation and growth 
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and thus, Ki67 is widely used in pathological examinations as a marker of proliferation 

[Scholzen and Gerdes, 2000]. Our data showed that there was no significant decrease in 

the number of Ki67-positive cells on LH-/RH-Fe2O3 CNPs compared with the number 

under the control condition. Therefore, we demonstrated the high biocompatibility of 

Fe2O3 CNPs. 

In addition to cell growth, cell spreading and differentiation are also affected by 

chirality [Dou et al., 2019]. We quantified cell spreading (Figure 3.3) and found that 

the cell spreading area on Fe2O3 CNPs was increased compared to the cell spreading 

area under the control condition. Comparisons of cell behaviors on LH- and RH-Fe2O3 

CNPs demonstrated that the molecular chirality of LH-Fe2O3 CNPs further promoted 

cell spreading, indicating that they were better for cell adhesion than RH-Fe2O3 CNPs. 

These results confirmed that molecular chirality is a key cue for cell spreading and 

growth. EdU is a thymidine analog that may replace thymine (T) and be incorporated 

into replicating DNA molecules during cell proliferation. The rapid detection of cellular 

DNA replication activity based on the specific reaction of EdU with the Apollo® 

fluorescent dye can quickly and accurately detect cell proliferation [Cavanagh et al., 

2011]. Cell differentiation analyses showed that Fe2O3 CNPs significantly increased 

the viability of cells and the number of EdU-positive cells compared to the control 

condition, and that LH-Fe2O3 CNPs exerted a stronger effect than RH-Fe2O3 CNPs 

(Figure 3.5), indicating that Fe2O3 CNPs maintain the proliferative ability of NPCs in 

a chirality-dependent manner.  
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NPCs are capable of self-renewal and multipotential differentiation. Therefore, in 

addition to monitoring the effect of Fe2O3 CNPs on NPC proliferation, we also sought 

to determine the effects of Fe2O3 CNPs on NPC differentiation. NPCs typically 

differentiate into neurons, astrocytes, or oligodendrocytes [Imayoshi et al., 2014;Oh et 

al., 2016; Hovakimyan et al., 2012]. Nestin and SOX-2 are well known as NPC markers, 

MAP2 is a specific neuronal maker, and GFAP is usually used as an astrocytic marker. 

To explore the effects of Fe2O3 CNPs on NPC differentiation, ReNcell CX cells were 

differentiated for 7 d on Fe2O3 CNP surfaces. Nestin, SOX-2, MAP2, and GFAP 

expression was then evaluated by western blotting. As presented in Figure 3.6, Fe2O3 

CNPs induced significant increases in the expression levels of NPC markers and clearly 

decreased neuronal maker protein levels compared to their levels in control cells, 

illustrating that Fe2O3 CNPs tend to suppress the differentiation of NPCs into neurons. 

LH-Fe2O3 NPs had a greater effect than RH-Fe2O3 NPs on the inhibition of neuronal 

differentiation. Meanwhile, Fe2O3 CNPs had no effect on the differentiation of NPCs 

into astrocytes. 

In summary, we examined NPC adhesion, proliferation, and differentiation on the 

surfaces of chirality-dependent Fe2O3 NPs. The results clearly illustrated that the 

molecular chirality of the matrix significantly influenced NPC behaviors. LH- and RH-

Fe2O3 CNPs both showed good biocompatibility with NPCs and promoted NPC 

spreading and growth. In addition, Fe2O3 CNPs maintained the proliferative ability of 

NPCs, while inhibiting their differentiation. LH-Fe2O3 NPs showed superior 
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performance to RH-Fe2O3 NPs. This study may contribute to the chiral selection of 

biological activities and provide new insights into the development of biomaterials 

required to study NPCs cultured in vitro.  
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CHAPTER 4 Effects of facet-dependent CeO2 nanoparticles on 

human neural progenitor cells proliferation and differentiation 

 

Part of the results in this chapter have been included in the following published paper, 

of which the permission for reuse in this thesis has been granted. 

Ying Wang, Zicong Tan, Zhu Zhang, Peili Zhu, Sze Wah Tam, Zhang Zhang, Xiaoli 

Jiang, Kaili Lin, Linyuan Tian, Zhifeng Huang, Shiqing Zhang, Yung-Kang Peng, and 

Ken Kin Lam Yung. Facet-dependent Activity of CeO2 Nanozymes Regulate the Fate 

of Human Neural Progenitor Cell via Redox Homeostasis. ACS Applied Materials & 

Interfaces. 2022, doi.org/10.1021/acsami.2c09304. 

  



 

63 

 

4.1 Background  

NPC therapy is a promising therapeutic strategy for neurodegenerative disorders, 

but there are major challenges with ensuring high survival and neuronal differentiation 

rates. CeO2 NPs have shown the ability to regulate ROS, which is pivotal mediator of 

intracellular redox homeostasis in NPCs, regulating biological activities such as 

differentiation, proliferation, and apoptosis. In this section, the effects of facet-

dependent CeO2 NPs on the regulation of NPC self-renewal and differentiation are 

reported. Octahedron-, rod-, and cube-shaped CeO2 NPs, predominantly enclosed by 

crystal facets of (111), (110), and (100), respectively, were prepared and their 

physicochemical properties tested. Moreover, the effects of three CeO2 NPs on the 

proliferation and differentiation of NPCs were determined. According to the results, all 

three CeO2 NPs showed good biocompatibility and were able to enter ReNcell CX cells 

via the endolysosomal pathway and affect intracellular biological responses. Among 

the three CeO2 NPs, octahedron NPs enclosed by the (111) facet had the lowest CAT-

like activity and induced the greatest level of ROS production in ReNcell CX cells and 

promoted neuronal differentiation by activating the AKT/GSK-3β/β-catenin pathway. 
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4.2 Results 

4.2.1 Preparation and characterization of the CeO2 nanoshapes 

CeO2 NPs with different morphologies were prepared as previously described 

(Manto et al., 2017; Mai et al., 2005). The fluorite crystal structures of the three types 

of CeO2 nanocrystals were determined by XRD (Figure 4.1A). High-resolution 

transmission electron microscopy (HRTEM) images of the prepared cube-, rod-, and 

octahedron-shaped CeO2 NPs are shown in Figure 4.1B-D. As shown in Figure 4.1E, 

the cube-shaped CeO2 NPs had a wide particle size distribution (lateral length from 25 

to 50 nm) enclosed by well-defined (100) facets, with a lattice spacing of 0.27 nm 

(Figure 4.1B). The rod-shaped CeO2 NPs had a diameter of 10 nm and a length of 50-

200 nm (Figure 4.1F). Notably, the rod shape was predominantly enclosed by (110) 

facets, with a lattice spacing of 0.19 nm, as shown in Figure 4.1C (Seal et al., 2020). 

Meanwhile, the well-defined octahedron-shaped CeO2 NPs had a uniform size of 

approximately 20 nm (Figure 4.1G), exposing (111) facets with a lattice spacing of 0.32 

nm (Figure 4.1D).  
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Figure 4.1 XRD patterns and TEM images. (A) XRD patterns for cube-, rod-, and 

octahedron-shaped CeO2. HRTEM images of (B) cube-, (C) rod-, and (D) octahedron 

(octa.)-shaped CeO2 NPs. TEM images of (E) cube-, (F) rod-, and (G) octahedron-

shaped CeO2 NPs. 
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4.2.2 CeO2 NP s do not reduce the viability of ReNcell CX cells 

The general morphological analysis of ReNcell CX cells incubated with three 

shapes of CeO2 NPs showed that they spread and attached well (Figure 4.2A). The 

effects of the CeO2 NPs on ReNcell CX cell viability were determined by MTT assays. 

The cells were treated with 0, 10, 25, 50, or 100 μg mL-1 CeO2 for 24, 48, and 72 h. As 

shown in Figure 4.2B, there was no significant death of ReNcell CX cells treated with 

10, 25, 50, or 100 μg mL-1 concentrations of cube- and rod-shaped CeO2 NPs, except 

for those exposed to 100 μg mL-1 rod-shaped CeO2 NPs for 24 h. Meanwhile, the 

octahedron-shaped CeO2 NPs showed no cytotoxicity at low concentrations (10, 25 μg 

mL-1), but decreased cell viability at higher concentrations (50, 100 μg mL-1) after 24 

h of treatment. Moreover, as illustrated in Figure 4.2C and D, octahedron-shaped CeO2 

NPs declined the viability of ReNcell CX cells in a concentration-dependent manner 

after 48 and 72 h of treatment. This effect was not seen in cells exposed to 100 μg mL-

1 rod-shaped CeO2 NPs for 72 h, and cube-shaped CeO2 NPs did not cause a decrease 

in cell viability after either 48 or 72 h of treatment. Therefore, treatment with 25 μg 

mL-1 CeO2 NPs for 24 h was chosen for subsequent investigations. 
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Figure 4.2 Cell images and MTT assay. (A) Images of ReNcell CX cells after 

treatment cube-, rod-, and octahedron-shaped CeO2 NPs. The cytotoxicity of four 

concentrations (10, 25, 50, and 100 μg mL-1) of cube-, rod-, and octahedron-shaped 

CeO2 NPs after (B) 24, (C) 48, and (D) 72 h of treatment of ReNcell CX cells was 

determined by MTT assay. The data were presented as mean ± SD (n=3) from three 

independent experiments. *P<0.05, **P<0.01, compared with the control.  
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4.2.3 CeO2 NPs do not induce cytotoxicity in ReNcell CX cells 

The potential cytotoxicity of cube-, rod-, and octahedron-shaped CeO2 NPs was 

further evaluated by performing LDH and live/dead assays. The concentration of LDH 

in culture medium is often measured to assess cytotoxicity in vitro. In this study, there 

was no significant LDH release from ReNcell CX cells after treatment with cube-, rod-, 

or octahedron-shaped CeO2 NPs for 24 h, compared with LDH release from control 

cells (Figure 4.3A). Based on the MTT assay results presented in Section 4.2.2, the 

CeO2 nanoshapes were used at a concentration of 25 μg mL-1 in these experiments. 

Moreover, to visualize cell viability by the distribution of live and dead cells after 24 h 

of treatment, the live/dead cell assay was performed on ReNcell CX cells treated with 

25 μg mL-1 CeO2 (Figure 4.3B). As illustrated in Figure 4.3B, there was no significant 

death of ReNcell CX cells treated with 25 μg mL-1 cube-, rod-, or octahedron-shaped 

CeO2 NPs, indicating that CeO2 nanoshapes have acceptable biocompatibility. 
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Figure 4.3 Cell viability and LDH leakage. (A) The LDH leakage was determined 

from ReNcell CX cells treated with different concentrations (10, 25, 50, and 100 μg 

mL-1) of cube-, rod-, and octahedron-shaped CeO2 NPs for 24 h. (B) The viability of 

ReNcell CX cells treated with cube-, rod-, and octahedron-shaped CeO2 NPs (25 μg 

mL-1) was examined using a live/dead assay. Living and dead cells were stained green 

and red, respectively. Scale bars = 100 μm. Data were presented as mean ± SD from 

three independent experiments.  
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4.2.4 CeO2 is internalized by ReNcell CX cells 

There are many crucial physicochemical traits of NPs, such as size, shape, material 

elements, and surface chemistry, that determine their cellular uptake via endocytosis. 

Nanoparticles can be internalized by various endolysosomal pathways, including 

caveolae-mediated endocytosis, clathrin-mediated endocytosis, and macropinocytosis 

[Zubris, 2011]. To investigate the cellular uptake of CeO2 NPs, Cy5.5-labeled CeO2 

NPs were synthesized. Figure 4.4 shows confocal microscopic images of ReNcell CX 

cells after exposure to Cy5.5-labeled cube-, rod-, and octahedron-shaped CeO2 NPs. 

The red fluorescence (excitation: 594 nm, emission: 615 ± 30 nm) represents the 

fluorescently labeled CeO2 NPs, the green fluorescence (excitation: 488 nm, emission: 

515 ± 20 nm) represents the labeled cell membrane, and the blue fluorescence 

(excitation: 405 nm, emission: 450 ± 20 nm) represents the nuclei. The overlaid images 

of ReNcell CX cells after 3 h of incubation with Cy5.5-labeled CeO2 NPs clearly 

showed that the CeO2 NPs were internalized by the cells. Confocal images after 6 and 

24 h of incubation showed that the nanoparticles were diffused within the cell and 

surrounded the nucleus.  
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Figure 4.4 Time course of CeO2 NPs uptake into cells. Cellular uptake images of 

ReNcell CX cells after 3 h, 6h and 24 h of incubation with 25 μg mL-1 of Cy5.5-labeled 

(A) cube-, (B) rod-, and (C) octahedron-shaped CeO2 NPs. Blue fluorescence represents 

nuclei stained with Hoechst 33342, green fluorescence shows cell membranes stained 

with Membrite® 594/615 cell surface stain, and red fluorescence represents Cy5.5-

labeled CeO2 NPs. Scale bar = 10 μm. 

  



 

73 

 

4.2.5 Cellular uptake of CeO2 NPs via the endolysosomal pathway 

The intracellular trafficking and internalization of nanoparticles occurs via several 

competing pathways [Marrachea and Dhara, 2012]. According to previous studies, the 

cellular uptake of nanoparticles can be analyzed by using confocal microscopy using 

fluorescently-labeled nanoparticles and co-staining the lysosomes [Th éron et al., 2015; 

Zhao et al., 2021]. Here, a time-dependent uptake study was performed using a 

lysosome marker to investigate the uptake mechanism of the three CeO2 nanoshapes 

(Figure 4.5A). LysoTracker Green was used to determine the proportion of 

nanoparticles that were transported to lysosomes within the cells [Zhang et al., 2008]. 

Co-staining was also performed with the blue fluorescent dye Hoechst 33342 to 

visualize the nuclei. These dyes accumulate in lysosomes, staining them with green 

fluorescence; meanwhile, the nanoparticles (red) that accumulate in these organelles 

produce a yellow color. Yellow puncta were observed after 1 h and the number of 

puncta increased by 3 h (Figure 4.5A). Over time, the Cy5.5-labeled CeO2 NPs 

underwent efficient endosomal escape. A comparison of fluorescence intensities was 

performed using the ImageJ “Coloc 2” plugin to assess the co-localization of the 

nanoparticles with lysosomes and mitochondria (Figure 4.5B). A Pearson’s correlation 

coefficient (r) value of +1 means a perfect correlation, while a value of 0 indicates no 

correlation. This result further supports the findings that the co-localization of the three 

CeO2 nanoshapes with lysosomes decreased over time, suggesting that their cellular 
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internalization occurred via the endolysosomal pathway and that they have high 

lysosomal escape ability.  

 

 

Figure 4.5 Cellular uptake of CeO2 NPs via the endolysosomal pathway. (A) 

Representative confocal images of the time-dependent (1, 3, 6 h) uptake of Cy5.5-

labeled CeO2 NPs (red) by ReNcell CX cells. Lysosomes were stained with 

LysoTracker Green (green). The nuclei were stained with Hoechst 33242 (bule). Scale 

bars = 10 μm. (B) Comparison of the Pearson’s correlation coefficients (r) for the co-
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localization of Cy5.5-labeled cube-, rod-, and octahedron-shaped CeO2 NPs with 

lysosomes.  
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4.2.6 CeO2 accumulates in the mitochondria 

To further explore the possible intercellular localization sites of CeO2 NPs, we 

also performed subcellular colocalization experiments to visually track the location of 

the nanoparticles using confocal microscopy. Similarly, a time-dependent 

colocalization study using a mitochondria marker, MitoTracker Green [Jiang et al., 

2019], was performed to investigate the possible localization of the three CeO2 

nanoshapes. Co-staining was also performed with Hoechst 33242. From Figure 4.6A, 

it can be seen that the Cy5.5-labeled CeO2 NPs appeared in the mitochondria after 3 

h, and continued to accumulate and remain at a steady level at later time points (6 and 

24 h). Again, Pearson’s correlation analysis indicated that the CeO2 NPs accumulated 

in the mitochondria after escaping from lysosomes (Figure 4.6B). To sum up, these 

data illustrated that the co-localization of three CeO2 nanoshapes with mitochondria 

increased and then remained steady over time, indicating that CeO2 NPs taken up by 

the cells ultimately accumulated in the mitochondria.
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Figure 4.6 CeO2 NPs co-localize with mitochondria. (A) Representative confocal 

images of the time-dependent (3, 6, 24 h) uptake of Cy5.5-labeled CeO2 NPs (red) in 

ReNcell CX cells. Mitochondria were stained with MitoTracker Green (green). The 

nuclei were stained with Hoechst 33242 (blue). Scale bars = 10 μm. (B) Comparison of 

the Pearson’s correlation coefficients (r) for the co-localization of Cy5.5-labeled cube-, 

rod-, and octahedron-shaped CeO2 NPs with mitochondria.   
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4.2.7 Cell image monitored by OPD and DHXP 

Cell imaging was performed using OPD and H2O2 for fluorescence generation and 

to visually track the CeO2 NPs loaded into ReNcell CX cells. After ReNcell CX cells 

were pre-treated with cube-, rod-, and octahedron-shaped CeO2 NPs for 24 h, they were 

pre-incubated with OPD for 30 min and then incubated for 1.5 h with H2O2. The 

oxidation of OPD produced its oxidized product, 2,2-aminoazobenzene (DAP), which 

has fluorescent properties (Figure 4.7A). As shown in Figure 4.7A, cube-, rod- and 

octahedron-shaped CeO2-NP-loaded cells showed fluorescent signals due to the CeO2-

catalyzed conversion of non-fluorescent OPD phosphate to its oxidized product, DAP, 

in the presence of H2O2. In contrast, untreated cells showed no fluorescent signal. 

DHXP is a phosphate-based fluorescent substrate, which produce fluorescence after its 

dephosphorylation in the presence of alkaline phosphatase (ALP). Intracellular imaging 

was also performed using DHXP to monitor the loaded CeO2 NPs under the same 

conditions. As shown in Figure 4.7B, cells treated with cube-, rod-, and octahedron-

shaped CeO2 NPs showed fluorescent signals, while untreated cells showed no 

fluorescent signals. Both OPD/ H2O2 and DHXP testing implied that CeO2 had entered 

cells and affected the intracellular biological response. 
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Figure 4.7 Confocal images. (A) Images of ReNcell CX cells (control) and cube-, rod-, 

and octahedron-shaped CeO2 NPs-loaded ReNcell CX cells preincubated with OPD, 

and then incubated with H2O2 for 1 h (red). (B) Images of ReNcell CX cells (control) 

and cube-, rod-, and octahedron-shaped CeO2 NP-loaded ReNcell CX cells 

preincubated with DHXP for 1 h (red). The cell nuclei were stained DAPI (blue). Scale 

bar = 50 μm.  
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4.2.8 CeO2 enters ReNcell CX cells, as determined by flow cytometry 

After 24 h of exposure, the internalized nanoparticles were investigated by flow 

cytometry. FCM light scatter histograms were generated for ReNcell CX cells treated 

with three shapes of CeO2 NPs (Figure 4.8). ReNcell CX cells that had internalized the 

cube-, rod-, and octahedron-shaped CeO2 NPs showed higher intensities of side-

scattered light than the control cells, which indicated that the three shapes of CeO2 NPs 

were easily taken up into cells and participated in intracellular biochemical reactions. 

In addition, this result showed that the internalization of CeO2 NPs after 24 h of 

exposure was shape-dependent, occurring in the order of octahedron > rod > cube. 
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Figure 4.8 Flow cytometry results. The cellular uptake of CeO2 NPs was examined 

by measuring the forward-scattered (FS) and side-scattered (SS) light using a flow 

cytometer. ReNcell CX cells were treated with 25 μg mL-1 of the cube-, rod-, and 

octahedron-shaped CeO2 NPs for 24 h; digested; and suspended in HBSS buffer for 

flow cytometry. (A) Dot plots showing the intensity of the FS and SS signals of cells 

treated with or without CeO2 NPs. (B) Comparison of the SS areas of cells treated with 

or without CeO2 NPs. 
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4.2.9 CeO2 NPs promote neuronal differentiation in a shape-dependent manner 

NPCs enable self-renewal and multipotential differentiate. To explore the effects 

of the three CeO2 nanoshapes on NPC differentiation, ReNcell CX cells were 

differentiated for 14 d in the presence of cube-, rod-, and octahedron-shaped CeO2 NPs 

(25 μg mL-1). The expression of the NPC marker, Nestin; the neuron-specific markers, 

βⅢ-tubulin and MAP2; and the neuroglial-cell-specific marker, GFAP, were evaluated 

by western blotting. As presented in Figure 4.9A, during the differentiation of ReNcell 

CX cells, the three CeO2 nanoshapes induced significant decreases in the protein 

expression levels of Nestin compared with its level in the control cells. Moreover, it 

was shown that the octahedron-shaped CeO2 NPs clearly increased the protein levels 

of βⅢ-tubulin and MAP2 compared with the levels observed in the control cells, 

indicating that, compared with the cube- and rod-shaped CeO2 NPs, the octahedron-

shaped CeO2 NPs induced greater neuronal differentiation of ReNcell CX cells and 

promoted the maturation of neurons (Figure 4.9B). However, there was no significant 

difference in the protein expression levels of GFAP in NPCs treated with any of the 

three CeO2 nanoshapes, suggesting that the CeO2 nanoshapes did not affect the 

differentiation of ReNcell CX cells into astrocytes. 

14 
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Figure 4.9 CeO2 NPs promote neuronal differentiation of the NPCs. Cells were 

differentiated for 14 d in the presence of cube-, rod-, and octahedron-shaped CeO2 NPs 

(25 μg mL-1). After differentiation, the levels of the marker proteins, Nestin, GFAP, 

βⅢ-tubulin, and MAP2, were analyzed by western blotting. (A) Representative blots 

and the quantification of Nestin protein expression levels. GAPDH was used as a 

reference protein. (B) Representative blots and quantification of the expression levels 

of GFAP, βⅢ-tubulin, and MAP2. GAPDH was used as a reference protein. The data 

were presented as mean ± SD (n=3) from three independent experiments. *P < 0.05, **P 

< 0.01, compared with the control. aP < 0.05, aaP < 0.01, compared with the octahedron-

shaped CeO2 NP group. 
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4.2.10 CeO2 NPs enhance neuronal marker expression in a shape-dependent 

manner 

The effects of three CeO2 nanoshapes on NPC differentiation were further assessed 

by immunocytochemistry. Under the differentiated and treated conditions described in 

Section 4.2.9, the expression levels of Nestin, βⅢ-tubulin, MAP2, and GFAP were 

visualized by immunostaining. As shown in Figure 4.10A, after differentiation, the 

expression level of Nestin was significantly decreased in ReNcell CX cells treated with 

the three CeO2 nanoshapes compared with control cells, whereas the expression level 

of GFAP showed no obvious difference (Figure 4.10B). In addition, the number of βⅢ-

tubulin- and MAP2-positive cells increased after exposure to the octahedron-shaped 

CeO2 NPs compared with the number observed among control cells (Figure 4.10C and 

D). Therefore, the ratios of the numbers of βⅢ-tubulin+, MAP2+, and GFAP+ cells to 

the total number of cells determined by immunostaining were consistent with those 

determined by western blotting. These results suggest that the three CeO2 nanoshapes, 

especially the octahedron shape enclosed by the (111) facet, enhanced the neuronal 

differentiation of NPCs. 
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Figure 4.10 CeO2 NPs enhance neuronal marker expression of NPC. Cells were 

differentiated for 14 d in the presence of cube-, rod-, and octahedron-shaped CeO2 NPs, 

(25 μg mL-1). After differentiation, the cells were stained for the marker proteins, Nestin, 

GFAP, βⅢ-tubulin, and MPA2 by immunocytochemistry. (A) Representative 

immunocytochemical images of the expression of Nestin. Representative 

immunocytochemical images and quantitative results of the expression of (B) (GFAP, 

(C) βⅢ-tubulin, and (D) MAP2. The nuclei were stained with DAPI (blue). Scale bars 

= 50 μm. Quantitative results were presented as the number of GFAP+, βⅢ-tubulin+, 

and MPA2+ cells/the total number of cells in five random fields (considering 

fluorescence intensity and cell morphology). The data were presented as mean ± SD 

from three independent experiments. *P < 0.05, **P < 0.01, compared with the control 

cells. aP < 0.05, aaP < 0.01, compared with the octahedron-shaped CeO2 NP group. 
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4.2.11  The octahedron-shaped CeO2 NPs induce high level of ROS production 

Intracellular ROS levels induced by the cube-, rod-, and octahedron-shaped CeO2 

NPs were tested using a CM-H2DCFDA assay. As shown in Figure 4.11A, the ROS 

levels in the octahedron-shaped-CeO2 NPs-treated group (10, 25 μg mL-1) were clearly 

higher than the ROS levels in the control group. However, 50 and 100 μg mL-1 CeO2-

NP concentrations had no significant effect on ROS levels. Moreover, the cube- and 

rod-shaped CeO2 NPs had no effect on intracellular ROS levels at concentrations of 10, 

25, 50, or 100 μg mL-1. Based on these results, 25 μg mL-1 CeO2 NPs treatment was 

chosen to investigate the potential mechanism for the differentiation-promoting effects. 

As shown in Figure 4.11B, intracellular ROS levels were obviously higher in the 

octahedron-shaped CeO2 NPs group than in the control, cube-shaped CeO2 NPs, and 

rod-shaped CeO2 NPs groups. It means that octahedron CeO2 can induce the high-level 

ROS without dose-dependent manners.  
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Figure 4.11 Intracellular levels of ROS. (A) The level of ROS in ReNcell CX cells 

treated with 4 concentrations (10, 25, 50, and 100 μg mL-1) of CeO2 NPs was measured 

using a microplate reader. (B) Representative fluorescence microscopic images of CM-

H2DCFDA staining were captured after treatment with 25 μg mL-1 CeO2. Scale bars = 

100 μm. The data were presented as the mean ± SD from three independent experiments. 

*P < 0.05, **P < 0.01, compared with the control group. aP < 0.05, aaP < 0.01, compared 

with the octahedron-shaped CeO2 NPs group.   
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4.2.12  CeO2 NPs activate the AKT/GSK-3β/β-catenin pathway to promote 

neuronal differentiation of NPCs 

To investigate the potential signaling pathway involved in neuronal differentiation 

induced by CeO2 NPs, western blotting analyses were performed after applying the 

same differentiation and treatment conditions as those described in Section 4.2.9. We 

first demonstrated that the activation of AKT, via the up-regulation of the p-AKT 

(Ser473)/AKT ratio, was greater in NPCs in the octahedron-shaped CeO2 NPs group 

than the cube- and rod-shaped CeO2 NPs groups (Figure 4.12A). GSK-3β and β-catenin 

are downstream of AKT. We also found a similar trend for these proteins, as the 

octahedron-shaped CeO2 NPs significantly increased the p-GSK-3β (Ser9)/GSK-3β and 

β-catenin (active)/β-catenin protein ratios (Figure 4.12B) compared with the control 

condition and the cube- and rod-shaped CeO2 NPs. 
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Figure 4.12 CeO2 NPs activate the AKT/GSK-3β/β-catenin pathway to promote 

neuronal differentiation of NPCs. After 14 d of differentiation, western blotting was 

performed using antibodies against (A) p-AKT (Ser 473) and AKT; (B) p-GSK-3β 

(Ser9), GSK-3β, β-catenin (active), and β-catenin. GAPDH was used as a reference 

protein. Representative results (left) and the relative expression levels (right) were 

presented. The data were presented as mean ± SD from three independent experiments. 

*P < 0.05, **P < 0.01, compared with the control. aP < 0.05, compared with the 

octahedron-shaped CeO2 NPs group. 
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4.3 Discussion and conclusion 

Nanoparticles have been used in a wide range of potential medical diagnostic and 

therapeutic applications, such as photothermal therapy, diagnostic imaging, and drug 

delivery [Kuo et al., 2012]. As expected, evaluations of the biocompatibility of NPs for 

biomedical applications have become common [Kohane and Langer, 2010]. It was 

recently discovered that CeO2 NPs have CAT-like activity and are thus known as 

nanozymes. They are extremely valuable therapeutic agents due to their high stability, 

low cost, and easy acquisition. However, the CAT-like activity of CeO2 NPs has also 

been found to be facet-dependent. Thus, in this study, we synthesized CeO2 nano-

shapes with different crystal facets to determine whether different shapes have different 

effects on hNPCs and investigated their effect at modulating redox homeostasis-related 

survivability and neuronal differentiation in immortalized ReNcell CX hNPCs.  

Initially, cube-, rod- and octahedron-shaped CeO2 NPs, predominantly enclosed 

by (100), (110), and (111) crystal facets, respectively, were prepared and their XRD 

patterns were determined and TEM images captured (Figure 4.1). According to Tan et 

al. [2020], the chemical state and surface structure of CeO2 NPs are differed by shape. 

Therefore, we hypothesized that three different shapes of CeO2 NPs have different 

effects on NPCs. To test the biocompatibility of the three CeO2 nanoshapes, we 

evaluated their potential cytotoxicity using MTT, live/dead, and LDH assays. In the 

MTT assay, no significant ReNcell CX cell death was observed after treatment with 

cube- (10, 25, 50, and 100 μg mL-1) or rod-shaped (10, 25 and 50 μg mL-1) CeO2 NPs 



 

92 

 

for 24 h (Figure 4.2). Octahedron-shaped CeO2 NPs showed no cytotoxicity at low 

concentrations (10, 25 μg mL-1), but led to significant cell death at higher 

concentrations (50, 100 μg mL-1). The same results were observed after 48 and 72 h of 

treatment (Figure 4.2). LDH is a stable enzyme that exist in all cell types and is quickly 

released from cells after the membrane is impaired. The three CeO2 nanoshapes tested 

here did not induce significant LDH release compared with the control condition 

(Figure 4.3A). These results suggest that the three nanoshapes were highly 

biocompatible with NPCs at concentrations below 50 μg mL-1. Therefore, the CeO2 

nanoshapes were used at a concentration of 25 μg mL-1 and applied for 24 h in 

subsequent experiments. Accordingly, using live/dead assays, we verified that the CeO2 

nanoshapes applied at a concentration of 25 μg mL-1 for 24 h did not cause damage to 

the cells (Figure 4.3 B), further confirming their biocompatibility.  

We then used different methods to determine whether the nanoparticles entered 

the cells. First, to determine whether the CeO2 nanoshapes were taken up by cells, 

ReNcell CX cells were incubated with Cy5.5-labeled CeO2 NPs, stained with a 

membrane-specific dye and analyzed by confocal laser scanning microscopy (Figure 

4.4) according to previously reported methods [Th éron et al., 2015]. Co-staining was 

also performed with Hoechst 33342, a blue nuclear marker, and Membrite® 594/615, a 

green-fluorescent membrane dye (cell surface staining). The detection of red 

fluorescence from Cy5.5-labeled CeO2 NPs demonstrated their intracellular 

localization. Second, as the intracellular trafficking of CeO2 nanozymes affects their 
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biological effect on cells, time-dependent uptake studies were further performed by co-

staining with Cy5.5-labeled CeO2 and markers of lysosomes and mitochondria (Figure 

4.5 and 4.6). The data demonstrated that the cellular internalization of the CeO2 NPs 

occurred through the endolysosomal pathway and accumulated in the mitochondria, 

ultimately due to their high lysosomal escape ability. Third, the oxidation of OPD by 

H2O2 in acetate buffer (pH 4.0) induces the formation of OPD oxide, which has a 

fluorescent signal, and nanoparticles effectively catalyze the dephosphorylation of the 

non-fluorogenic substrate, DHXP, to produce the fluorescent molecule, DHX [Hu et al., 

2020]. We therefore this method to track the CeO2 NPs loaded into the cells. As shown 

in Figure 4.7A, compared with untreated cells, all three shapes of CeO2 NPs localized 

around the nucleus, indicating that they all entered the cells. Interestingly, in contrast 

to cube-shaped CeO2 NPs, neither rod- nor octahedron-shaped CeO2 NPs produced 

strong fluorescent signals. Thus, the cube-shaped CeO2 NPs efficiently catalyzed the 

oxidation of OPD, like HRP, in the presence of H2O2. Similarly, DHXP is a phosphate-

based fluorescent substrate that produces a fluorescent signal after its 

dephosphorylation in the presence of ALP. As shown in Figure 4.7B, cube-, rod-, and 

octahedron-shaped CeO2 NPs were evaluated under the same conditions. Compared 

with untreated cells, those treated with cube-, rod-, and octahedron-shaped CeO2 NPs 

all produced fluorescence, which indicated that the three shapes of CeO2 NPs loaded 

into the cells. Moreover, the octahedron-shaped CeO2 NPs generated stronger 

fluorescent signals then the other two shapes, suggesting that they have a greater ability 
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to catalyze the dephosphorylation of DHXP to produce fluorescent signals. Third, the 

cellular uptake and intracellular tracking of the nanoparticles after 24 h of treatment 

were investigated according to previously reported methods [Liu et al., 2018; Suzuki et 

al., 2007]. In FCM, the laser light that scatters at a narrow angle relative to the laser 

beam axis is known as forward-scatter(ed) (FS) light, whereas the laser light scattered 

at approximately a 90° angle to the laser beam axis is known as side-scatter(ed) (SS) 

light. The intensities of FS and SS light are proportional to the cell size and intracellular 

density, respectively [Radcliff et al., 1998]. When nanoparticles are internalized in cells, 

the SS light intensity increases accordingly without a change in the FS light intensity. 

Thus, the measurement of SS light is a good method to determine the uptake of 

nanoparticles [Liu et al., 2018; Suzuki et al., 2007]. The dot plot showing FS and SS 

signals and the histogram showing SS light intensity demonstrated that ReNcell CX 

cells treated with the three CeO2 nanoshapes had higher SS light intensities compared 

with the control cells (Figure 4.8). This finding indicated that the three CeO2 

nanoshapes were internalized by the cells and suggested that they may participate in 

intracellular biochemical reactions. The results of the abovementioned experiments 

demonstrated that the three CeO2 nanoshapes are able to enter cells and affect 

intracellular biological responses. 

In addition to monitoring NPC proliferation, the effects of the three CeO2 

nanoshapes on NPC differentiation were also assessed. As mentioned in Chapter 3, 

NPCs may differentiate into neurons, astrocytes, or oligodendrocytes. βⅢ-tubulin is a 
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cytoskeletal protein that is used as a biomarker of neurons during the early stage of 

neuronal differentiation [Sieber-Blum et al., 2006]. To explore the effects of the three 

CeO2 nanoshapes on NPC differentiation, ReNcell CX cells were differentiated for 14 

d in the presence of cube-, rod-, and octahedron-shaped CeO2 NPs (25 μg mL-1). The 

expression levels of the NPC maker (Nestin; the neuron-specific markers, βⅢ-tubulin 

and MAP2; and the neuroglial-cell-specific marker, GFAP, were estimated by western 

blotting and immunostaining assays. As presented in Figure 4.9, during the 

differentiation of NPCs, the western blotting results suggested that the three CeO2 

nanoshapes induced significant decline in the protein expression level of Nestin 

compared with its expression level in control cells. Moreover, it was shown that 

octahedron-shaped CeO2 NPs clearly increased the levels of βⅢ-tubulin and MAP2 

compared with their levels in control cells, indicating that the octahedron enclosed by 

the (111) facet induced the neuronal differentiation of NPCs and promoted the 

maturation of neurons. However, there was no significant difference in the expression 

levels of GFAP in NPCs treated with any of the three CeO2 nanoshapes, suggesting that 

the CeO2 nanoshapes did not affect the differentiation of NPCs into astrocytes. 

Furthermore, the ratios of βⅢ-tubulin+, MAP2+, and GFAP+ cell numbers to the total 

number of cells, as determined by immunostaining (Figure 4.11), were consistent with 

the western blotting results, suggesting that the three CeO2 nanoshapes, especially the 

octahedron-shaped CeO2 NPs enclosed by the (111) facet, enhanced the neuronal 

differentiation of NPCs. 
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Nanoparticles have the capability to generate a controlled amount of intracellular 

ROS [Canaparo et al., 2021], which play crucial roles in manipulating the neuronal 

differentiation of NPCs [Matarredona et al., 2018]. In this study, intracellular ROS 

levels were significantly higher in the octahedron-shaped CeO2 NPs group than in the 

control, cube- and rod-shaped CeO2 NPs groups (Figure 4.11). Cy5.5-labeled CeO2 NPs 

were prepared and used to visually track the location of the nanoparticles after cellular 

uptake. As shown in Figure 4.6, the fluorescence co-localization results indicated that 

intracellular CeO2 NPs accumulated in the mitochondria, the major sites of ROS 

production [Jiang et al., 2019]. These findings were consistent with previous reports 

that the neuronal differentiation of NPCs was associated with high levels of cellular 

ROS generation and mitochondrial biogenesis [Tsatmali et al., 2006; Ji et al., 2012]. 

Furthermore, AKT, as a key regulator of ROS, has been shown to be activated by 

increasing levels of cellular ROS [Ahn et al., 2013]. Interestingly, GSK-3β acts as a 

key signaling factor downstream of AKT, and the activation of AKT inhibits GSK-3β 

activity [Jiang et al., 2016]. Meanwhile, the inhibition of GSK-3β via phosphorylation 

at Ser9 leads to the accumulation of unphosphorylated β-catenin (activated), resulting 

in the activation of the canonical GSK-3β/β-catenin pathway, which is crucial for NPC 

proliferation and differentiation [Kalani et al., 2008; Mao et al., 2009]. In the present 

study, we first demonstrated that the activation of AKT, via the up-regulation of p-Akt 

(Ser473)/AKT, was greater in NPCs in the octahedron-shaped CeO2 NPs group than 

those in the cube- and rod-shaped CeO2 NPs groups (Figure 4.12A). A similar trend 
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was also found for the ratios of p-GSK-3β (Ser9)/GSK-3β and β-catenin (active)/β-

catenin (Figure 4.12 B), indicating that octahedron-shaped CeO2 NPs significantly 

activated the GSK-3β/β-catenin pathway. In general, combined with the superior effect 

of the octahedron-shaped CeO2 NPs enclosed by the (111) facet on the neuronal 

differentiation of NPCs, the above results first demonstrated that the cellular ROS-

mediated AKT/GSK-3β/β-catenin pathway may contribute to the neuronal 

differentiation of NPCs induced by the octahedron-shaped CeO2 NPs. Meanwhile, in 

contrast to our findings, an earlier study reported that CeO2 decreased the expression 

level of βⅢ-tubulin and inhibited the neuronal differentiation of neural stem cells 

[Gliga et al., 2017]. This inconsistency may be due to the different surface electronic 

structure of CeO2, resulting in completely different effects produced by the “same” 

nanomaterials. 
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CHARPTER 5 Facet-dependent activity of CeO2 

nanoparticles exert ROS scavenging ability on human neural 

progenitor cells  

 

Part of the results in this chapter have been included in the following published paper, 

of which the permission for reuse in this thesis has been granted. 

Ying Wang, Zicong Tan, Zhu Zhang, Peili Zhu, Sze Wah Tam, Zhang Zhang, Xiaoli 

Jiang, Kaili Lin, Linyuan Tian, Zhifeng Huang, Shiqing Zhang, Yung-Kang Peng, and 

Ken Kin Lam Yung. Facet-dependent Activity of CeO2 Nanozymes Regulate the Fate 

of Human Neural Progenitor Cell via Redox Homeostasis. ACS Applied Materials & 

Interfaces. 2022, doi.org/10.1021/acsami.2c09304. 
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5.1 Background  

The survival, renewal, and differentiation of NPCs are highly dependent on the 

homeostasis of ROS, including O2
·-, ·OH, and H2O2. H2O2 is the most important ROS 

in NPCs due to its longer half-life and migration distance [Mittler, 2017]. Accordingly, 

the efficient removal of H2O2 by CAT plays a vital role in maintaining H2O2 

homeostasis and protecting NPCs from excess H2O2. For these reasons, natural 

enzymes, such as CAT, have been considered for the regulation of H2O2 homeostasis 

during NPC therapy. CeO2 NPs have been widely used to regulate redox homeostasis 

due to their special characteristics related to the coexistence of Ce3+ and Ce4+ ions on 

the surface [Pirmohamed et al., 2010]. However, it has also been reported that the effect 

of doped CeO2 on cells is not only dependent on the Ce3+/Ce4+ ratio or the VO 

concentration, but also on the dopant elements [Choi et al., 2021]. Thus, we were 

interested in exploring effective methods to regulate the redox properties of CeO2. As 

presented in Chapter 4, we demonstrated the effects of CeO2 NPs on the proliferation 

and differentiation of NPCs. In the experiments described in this chapter, we aimed to 

detect how the facet affected the CAT-like activity of CeO2 NPs and to investigate their 

effect at modulating redox homeostasis-related survivability. First, the physical and 

chemical properties and the catalytic performance of the three shapes of CeO2 NPs were 

characterized. Physical studies, including Amplex Red assays, in-situ Raman 

experiments, and X-ray photoelectron spectroscopy (XPS) confirmed that the cube-

shaped CeO2 NPs had the highest CAT-like activity. Cell viability experiments showed 



 

100 

 

that the CeO2 NP (100) facet had excellent CAT-like activity and exhibited superior 

cytoprotective effects on NPCs under H2O2 challenge. ROS assays showed that the 

cube-shaped CeO2 NPs had the greatest ROS scavenging activity. Analysis of the MMP 

using JC-1 showed that the cube-shaped CeO2 NPs provided the best protection against 

H2O2-induced mitochondrial dysfunction. MDA and GSH assays also showed that cells 

treated with the cube-shaped CeO2 NPs (compared to those treated with the rod- or 

octahedron-shaped CeO2 NPs) were more protected from H2O2-induced oxidative 

stress. Taken together, our findings demonstrated that the CeO2 (100) facet 

demonstrated superior ROS-scavenging effects due to the richness of Ce electrons on 

the surface, resulting in the effective protection of NPCs against H2O2-induced 

oxidative stress.  
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5.2 Results 

5.2.1 The fastest clearance of H2O2 occurs for the cube (100) facets 

In this study, the amount of H2O2 was monitored by ultraviolet–visible (UV–vis) 

spectrophotometry, as the concentration of H2O2 is directly proportional to the 

absorbance at 240 nm (Figure 5.1A-B). The UV-vis spectrophotometry results showed 

that the fastest clearance of H2O2 (and the highest CAT-like activity) occurred for the 

cube-shaped CeO2 NPs, followed by the rod- and octahedron-shaped CeO2 NPs (Figure 

5.1C). To verify these results, the final amount of H2O2 in the solution was determined 

using the fluorogenic reagent, Amplex Red, and HRP. In the presence of HRP, Amplex 

Red produces a fluorescent signal after being oxidized by residual H2O2. As shown in 

Figure 5.1D, after a 1-h reaction, the amount of residual H2O2 in the solutions was in 

the order of cube < rod < octahedron. This result confirmed that the cube-shaped CeO2 

NPs had the highest CAT-like activity.  
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Figure 5.1 The amount of undecomposed H2O2 and Amplex red assay. (A) H2O2 

concentration can be monitored by UV-Vis absorbance at 240 nm. (B) The linear 

correlation between absorbance (at 240 nm) and H2O2 concentration was found. (C) 

The decrease of H2O2 in HEPES buffer (ph=7.2) was monitored by UV-Vis absorbance 

at 240 nm within 1 hour.  (D) The residual H2O2 was verified by fluorescent reagent 

Amplex red in combination with HRP. 
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5.2.2 The cube (100) facets show the highest H2O2 scavenging activity 

In the subsequent kinetics analysis, the rate constants (k) for H2O2 decomposition 

were of the first order for all three nanoshapes and decreased in the following sequence: 

cube (31.74 ×10-4 min-1) > rod (11.57 ×10-4 min-1) > octahedron (7.65 ×10-4 min-1) 

(Figure 5.2). In the regard of clinical concern, the H2O2 scavenging ability of CeO2 

nanoshapes can be directly described based on the elimination half-life (t1/2) of H2O2. 

The t1/2 of a particular substance (e.g. drug or toxic compounds) represents the time 

required for its concentration to decrease to half of the initial concentration. A relatively 

short t1/2 indicates relatively high H2O2 scavenging activity. As shown in Table 5.1, the 

cube-shaped CeO2 NPs exhibited the highest activity, followed by the rod- and 

octahedron-shaped CeO2 NPs, with t1/2 of 3.64, 7.80, and 15.10 h, respectively. The 

surface area was clearly not a key factor for H2O2 elimination, as the cube-shaped CeO2 

NPs (42 m2 g-1) possessed the smallest surface area. 
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Figure 5.2 The first-order fitting for H2O2 decomposition over CeO2 nanoshpaes. 

Table 5.1 Brunauer–Emmett–Teller (BET) surface area, elimination half-life of 

H2O2 and proportion of Ce4+ for the three tested CeO2 morphologies. 

Morphology BET surface area 

(cm2 g-1) 

Elimination half-

life (hours) 

Ce4+ from XPS 

(%) 

Cube 32.79 3.64 72.83 

Rod 84.23 7.80 73.38 

Octa. 41.98 15.10 74.70 
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5.2.3 The cube (100) facets decompose the H2O2 molecules 

The in-situ Raman experiment was carried out to verify the decomposition of H2O2 

on their surfaces of the three CeO2 nanoshapes. As shown in Figure 5.3 A-C, the Raman 

band at 875 cm-1 (I875) was observed for all CeO2 shapes after H2O2 was added to their 

surfaces; moreover, another band (I849) at 849 cm-1 was observed for the rod and 

octahedron. I875 was identified as the v6 band of the O-O bond in H2O2 in solution 

(Figure 5.3D), while I849 was attributed to the surface-adsorbed H2O2, which had an 

elongated O−O bond [Schilling et al. 2017]. I875 vanished within 10 min from the cube 

surface without observing I849. This result suggested that the H2O2 molecules in solution 

decomposed once they contact with the cube (100) facet. However, for the rod and 

octahedron, both I875 and I849 were observed in the spectrum at the beginning of the 

experiment. Although I875 vanished faster on the rod (110) than on the octahedron (111) 

facet, the signal of the adsorbed H2O2 at I849 suggested that the decomposition of this 

compound was hindered on the surfaces of both rod (110) and octahedron (111) facets.  
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Figure 5.3 The decomposition of H2O2. The decomposition of H2O2 on the surface of 

cube (A), rod (B) and octahedron (C) was investigated by the in situ Raman. (D) Raman 

spectrum of 10 M H2O2 solution. The peak at 875 cm-1 represents the O-O bond of free 

H2O2 in the solution. 
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5.2.4 The cube (100) facets indicate the higher electron density 

The deconvolution of the corresponding XPS Ce3d spectra of the three CeO2 

nanoshapes is shown in Figure 5.4A-C. Similar amounts of Ce4+
 were observed for the 

cube- (100) (72.83%), rod- (110) (73.38%), and octahedron (111) (74.70%) CeO2 NPs 

(Table 5.1). The slight difference (< 2%) in the Ce4+/Ce3+ ratios of the CeO2 NPs did 

not correlate with the observed facet-dependent CAT-like activity (Figure 5.4D). This 

may be due to the detection depth of commercial XPS for Ce3d, which is reported to be 

larger than 5 nm from CeO2 surfaces [López et al., 2015]. As the distance of the Ce-Ce 

atom layer in these different facets was less than 1 nm (Figure 5.4E), the detection depth 

of commercial XPS was evidently too large to collect the Ce3d signal of the outermost 

layer, where the CAT-like reaction occurred. As shown in Figure 5.4E, the coordination 

number of the surface Ce atoms varied with their hosted surface. For example, the 

octahedron-shaped CeO2 NPs hosted 7-coordinated Ce on its (111) facet, while 6-

coordinated Ce was found on the rod- (110) and cube-shaped (100) facets.  
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Figure 5.4 The measure of facet-dependent CAT-like activity. XPS spectrum of Ce 

3d and the corresponding peak deconvolution for cube(A), rod(B) and octahedron(C). 

(D) Correlation between Ce3+(Ce4+) proportion and CAT-like activity. (E) Structure 

analysis of CeO2 nanoshapes surface, the number labeled on the atom represents its 

coordination number. 
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5.2.5  The electron density of the outermost Ce atoms determines the CAT-like 

activity 

The solid-state NMR using phosphorous probe has been proved as a sensitive and 

powerful tool to measure the electron density (or Lewis acidity) of nanomaterials’ 

surfaces [Zheng et al. 2017; Rothwell et al. 1984; Peng et al. 2016]. The phosphorous 

probe, trimethyl phosphine oxide (TMPO), interacts with surface Ce forming the 

TMPO-Ce complex. When the surface Ce has lower electron density (or a stronger 

Lewis acidity), the complex (i.e. TMPO-Ce) will produce a more positive 31P chemical 

shift. As shown in Figure 5.5A, the 31P chemical shift of surface Ce reflected the 

following relationship: cube (48 ppm) < rod (49.2 ppm) < octahedron (52.4 ppm). In 

Figure 5.5B, a strong correlation could be observed between CAT-like activity (in t1/2 

of H2O2) and electron density (i.e. 31P chemical shift or Bader charge). This correlation 

indicated that the electron density of the outermost Ce atoms determined the CAT-like 

activity.  
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Figure 5.5 Structure analysis of CeO2 nanoshapes surface. (A) The chemical state 

of surface Ce atom measured by TMPO-NMR. (B) The correlation among 31P chemical 

shift, elimination half-life of H2O2 and the Bader charge. 
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5.2.6  Cube-shaped CeO2 NPs have the greatest effect in ameliorating the 

cytotoxicity of H2O2 

To determine whether facet-dependent protection against H2O2 was observed in 

NPCs, we treated ReNcell CX cells with cube-, rod-, and octahedron-shaped CeO2 NPs 

(25 μg mL-1) for 24 h and then challenged the cells with H2O2 (200 μM) for 2 h. Cell 

survival was then determined using live/dead and MTT assays (Figure 5.6). As 

presented in Figure 5.6A, the number of dead cells increased after H2O2 challenge, but 

there was a decrease in the number of dead cells in the group pre-treated with CeO2 

NPs, compared with the control group, in the presence of H2O2 (here, NAC was used 

as a positive control). The same results were observed for the MTT assay (Figure 5.6B). 

The viability of NPCs significantly decreased after H2O2 treatment, but this was 

partially reversed by all three shapes of CeO2 NPs. It is noteworthy that, of the three 

CeO2 NPs, the cube-shaped CeO2 NPs showed the most obvious protective effect on 

ReNcell CX cells. 
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Figure 5.6 Cube-shaped CeO2 NPs have the greatest effect in ameliorating the 

cytotoxicity of H2O2. The viability of ReNcell CX cells treated with cube-, rod-, and 

octahedron-shaped CeO2 NPs in the presence of H2O2 was examined using (A) 

live/dead and (B) MTT assays. Scale bars = 100 μm. Data were presented as mean ± 

SD from three independent experiments. *P<0.05, **P<0.01, compared with control. 

#P<0.05, ##P<0.01, compared with the H2O2 group. 
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5.2.7  Cube-shaped CeO2 NPs show the greatest inhibition of H2O2-induced 

apoptosis 

To investigate whether CeO2 inhibits apoptosis triggered by H2O2, TUNEL assays 

were performed. As described in Section 5.2.6, ReNcell CX cells were exposed to cube-, 

rod-, and octahedron-shaped CeO2 NPs (25 μg mL-1) for 24 h and were then challenged 

with H2O2 (200 μM) for 2 h. As shown in Figure 5.7, TUNEL assays demonstrated that 

H2O2 induced apoptosis. However, the number of apoptotic cells in the group pre-

treated with CeO2 was significantly less than that in the H2O2-treated group, which 

indicated that CeO2 markedly ameliorated apoptosis caused by H2O2. Again, the cube-

shaped CeO2 NPs showed the best performance at inhibiting H2O2-induced apoptosis. 
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Figure 5.7 Cube-shaped CeO2 nanoparticles show the greatest inhibition of H2O2-

induced apoptosis. ReNcell CX cells were treated with cube-, rod-, and octahedron-

shaped CeO2 NPs in the presence of H2O2, and apoptotic cells were monitored by 

TUNEL staining. (A) Quantitative results were presented as the number of TUNEL+ 

cells/total cells in five random fields. (B) Representative fluorescence images of the 

TUNEL assay. Scale bars = 50 μm. Data were presented as mean ± SD from three 

independent experiments. *P<0.05, **P<0.01, compared with control. #P<0.05, 

##P<0.01, compared with the H2O2 group. 
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5.2.8  Cube-shaped CeO2 NPs scavenge more H2O2-induced ROS than the other 

CeO2 NPs 

To confirm the ability of CeO2 to combat H2O2-induced oxidative stress in 

ReNcell CX cells, the overall intracellular ROS level was first evaluated using the CM-

H2DCFDA probe. As shown in Figure 5.8, ROS levels increased dramatically when 

the cells were challenged with H2O2. However, pre-treatment of the cells with CeO2 

nanoshapes attenuated the H2O2-induced increase in intracellular ROS levels in 

ReNcell CX cells, indicating their scavenging activity. Moreover, of the three CeO2 

nanoshapes tested, the cube-shaped CeO2 NPs exhibited the greatest ROS scavenging 

activity. 
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Figure 5.8 Cube-shaped CeO2 NPs scavenge more H2O2-induced ROS than the 

other CeO2 NPs. (A) ReNcell CX cells were treated with cube-, rod-, and octahedron- 

shaped CeO2 NPs in the presence of H2O2, and the intracellular levels of ROS were 

quantified based on the fluorescence intensity of the general oxidative stress indicator, 

CM-H2DCFDA. (B) Representative epifluorescence images show the results of CM-

H2DCFDA staining, scale bars = 100 μm. Data were presented as mean ± SD from 

three independent experiments. *P<0.05, **P<0.01, compared with control. #P<0.05, 

##P<0.01, compared with the H2O2 group. 
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5.2.9  Cube-shaped CeO2 NPs have the greatest effect on mitigating the decrease 

in MMP induced by H2O2 

To determine whether CeO2 mitigated the collapse in the MMP caused by H2O2, 

we performed JC-1 assays to analyze the MMP in ReNcell CX cells pre-treated with 

CeO2 NPs in the presence of H2O2. As shown in the confocal images in Figure 5.9, the 

cells showed a decrease in red fluorescence and an increase in green fluorescence, 

relative to control cells, after challenge with H2O2, indicating the collapse of the MMP. 

However, pre-treatment of the cells with CeO2 nanoshapes attenuated the H2O2-induced 

decrease in the MMP, indicating that the CeO2 NPs prevented H2O2-induced 

mitochondrial depolarization. Of the three shapes of CeO2 NPs tested, the cube-shaped 

CeO2 NPs showed the highest red/green fluorescence ratio, indicating that these 

nanoparticles showed the best protection against H2O2-induced mitochondrial 

dysfunction. 
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Figure 5.9 Cube-shaped CeO2 NPs have the greatest effect on mitigating the 

decrease in MMP induced by H2O2. ReNcell CX cells were treated with cube-, rod-, 

and octahedron-shaped CeO2 NPs in the presence of H2O2, and the MMP was measured 

using the JC-1 probe. (A) Representative fluorescence images of the MMP. Scale bars 

= 25 μm. (B) Quantitative results were presented as the ratio of red/green fluorescence 

intensity. Data were presented as mean ± SD from three independent experiments. 

*P<0.05, **P<0.01, compared with control. #P<0.05, ##P<0.01, compared with the H2O2 

group.  
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5.2.10  Cube-shaped CeO2 NPs show the best protection against lipid peroxides 

and replenishment of GSH depletion caused by H2O2 

To further confirm the scavenging activity of CeO2 NPs, we measured intracellular 

lipid peroxidation using MDA assays and reduced GSH levels. As shown in Figure 

5.10A, there was a significant increase in the amount of MDA in ReNcell CX cells 

treated with H2O2 alone compared with the amount in control cells. Meanwhile, pre-

treatment of cells with CeO2 NPs inhibited the increase in MDA levels induced by H2O2. 

Similar to the findings presented in the previous sections, cube-shaped CeO2 NPs 

inhibited lipid peroxidation to a greater extent than rod- and octahedron-shaped CeO2 

NPs. Similarly, H2O2 led to a decline in the GSH content while cube-shaped CeO2 NPs 

significantly replenished the GSH depletion caused by H2O2 in ReNcell CX cells 

(Figure 5.10B). 
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Figure 5.10 Cube-shaped CeO2 NPs show the best protection against lipid 

peroxides and replenishment of GSH depletion caused by H2O2. ReNcell CX cells 

were treated with cube-, rod-, and octahedron-shaped CeO2 NPs in the presence of H2O2. 

(A) The amount of lipid peroxidation was measured by quantifying the levels of MDA 

in the cell lysates. (B) Comparison of GSH inducing potential of CeO2 NPs and H2O2-

mediated GSH depletion in ReNcell CX cells. Data were presented as mean ± SD from 

three independent experiments. *P<0.05, **P<0.01, compared with control. #P<0.05, 

##P<0.01, compared with the H2O2 group. 
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5.3 Discussion and conclusion 

CeO2 nanozymes have been reported to have redox-state-dependent CAT-like 

activity due to the high proportion of Ce4+ on their surface [Talib et al., 2010]. They 

have also been shown to modulate oxidative stress in several neurodegenerative 

diseases. Moreover, the CAT-like activity of CeO2 NPs is facet dependent. The facet-

dependent activity of nanozymes is usually attributed to differences in surface energy, 

atomic arrangement, and coordination environment, which vary with their enclosed 

facets [Ge et al., 2016; Trovarelli and Llorca, 2017; Naganuma, 2017]. ROS also play 

critical roles as signaling molecules for numerous biological process, including 

apoptosis and cell differentiation and proliferation [Paloczi et al., 2018; Schieber and 

Chandel, 2014]. As the most important mediator of ROS levels, H2O2 is reduced to H2O 

and O2 by CAT to achieve H2O2 homeostasis in cells. Cultured cells exposed to H2O2 

are usually used as experimental models to study oxidative stress responses or the 

cytoprotective effects of antioxidants [Vernekar et al., 2014]. Accordingly, the efficient 

removal of H2O2 by CAT plays a vital role in maintaining H2O2 homeostasis and 

protecting NPCs from excess H2O2. In the experiments described in this chapter, cube-, 

rod-, and octahedron-shaped CeO2 NPs with different ratios of Ce3+/Ce4+ were prepared, 

and their antioxidant effects on ReNcell CX cells were determined. The chemical state 

and atomic arrangement of the surface of CeO2 NPs are thought to explain their CAT-

like activity.  
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Typically, the CAT-like activity of CeO2 NPs is evaluated based on the amount of 

residual H2O2 within a given time. A relatively low amount of residual H2O2 suggests 

the relatively high CAT-like activity of CeO2 nanozymes. Therefore, we first tested the 

decomposition of H2O2. Spectrophotometric measurements, Amplex Red assays, and 

in-situ Raman experiments were conducted to detect the decomposition of H2O2 

molecules once it contacted the cube (100) facet (Figure 5.1-5.3). In other words, the 

cube-shaped CeO2 NPs exhibited the highest CAT-like activity of the CeO2 NPs tested. 

In addition, it has been reported that the CAT-like activity of CeO2 is influenced by the 

surface Ce4+/Ce3+ ratio [Ciccarese et al., 2020; Vernekar et al., 2014]. XPS has 

previously been used to determine the Ce4+/Ce3+ ratio of CeO2 nanoshapes with 

different facets [Seal et al., 2020]. Thus, the coordination numbers of the surface Ce 

atoms were also determined (Figure 5.4). The electron density of the surface has been 

reported to increase with a decrease in the coordination number [Zhou et al., 2021; Ren 

et al., 2019]. Therefore, Bader charge analysis was performed to determine the electron 

densities of the outermost Ce atoms of the different facets. A smaller value indicates a 

higher electron density. The Bader charge results showed the following relationship: 

cube (2.24) < rod (2.26) < octahedron (2.34), indicating that the electron density of the 

surface Ce atoms changed with different crystal facets and coordination environments. 

Furthermore, solid-state NMR and Bader change analyses showed that the electron 

density of Ce atoms varied with their hosted facets in the order: cube (100) > rod (110) > 

octahedron (111). Thus, the facet hosting the Ce atoms with a higher electron density 
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on its surface will exhibit higher CAT-like activity. Taken together, these results 

demonstrate that CAT-like activity was highly facet-dependent, and cube-shaped (100) 

facets exhibited the highest CAT-like activity. 

After elucidating the origin of facet-dependent CAT-like activity, we sought to 

determine whether the CeO2 (100) facet, which had excellent CAT-like activity, also 

had superior neuroprotective effects and ROS-scavenging ability in NPCs under H2O2 

challenge. Therefore, various experiments were conducted to test this hypothesis. 

Based on the results of MTT, live/dead, and TUNEL assays, we concluded that all three 

CeO2 nanoshapes provided cytoprotection, and that the cube shape was the most 

effective (Figure 5.6-5.7). This conclusion was consistent with the CAT-like activity 

results for the CeO2 NPs.  

Many studies have reported the occurrence of oxidative stress-induced cell 

damage in a variety of neurological diseases, such as ALS and HD [Mancuso et al., 

2006; Behl et al., 1999]. As mentioned above, the proliferation, differentiation and 

apoptosis of NPCs are highly dependent on the level of ROS maintained by redox 

homeostasis [Ko et al., 2012; Olguín-Albuerne et al., 2018; Li et al., 2019; Vieira et al., 

2011]. As a crucial ROS, H2O2 is widely used to establish oxidative stress injury models 

in vitro [Satoh et al., 1996]. As the three CeO2 nanoshapes tested in this study provided 

distinct levels of cytoprotection against H2O2, we evaluated whether different 

antioxidant effects of the three CeO2 nanoshapes were also observed in NPCs. ROS 

assays showed that the cube-shaped CeO2 NPs exhibited the greatest ROS scavenging 
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activity (Figure 5.8). Additionally, excessive levels of ROS induce a decrease in the 

MMP and impair mitochondrial function, which represent the early stage of apoptosis 

and eventually lead to cell death [Suski et al., 2012]. JC-1 is an indicator of 

mitochondrial depolarization, which results in a decrease in the red/green fluorescence 

intensity ratio. It enters the mitochondria and forms J-aggregates, which show red 

fluorescence when the cell is in a normal state. When the MMP collapses, J-aggregates 

cannot accumulate and JC-1 exists as J-monomers, which show green fluorescence. 

Our results showed that cube-shaped CeO2 NPs exerted the greatest protection against 

H2O2-induced mitochondrial depolarization (Figure 5.9). 

Furthermore, previous studies have shown that accumulated ROS attack the cell 

membrane and form MDA, which is a representative formation of lipid peroxidase [Li 

et al., 2015; Wang et al., 2019]. We found that CeO2 NPs inhibited the increase in MDA 

levels induced by H2O2. It is noteworthy that the cube-shaped CeO2 NPs provided better 

protection from lipid peroxidation than the rod- and octahedron-shaped CeO2 NPs 

(Figure 5.10A). The antioxidant, GSH, which contains a sulfhydryl group, forms the 

first line of cellular defense against oxidative stress and is the radical redox buffer in 

numerous cell types [Aquilano et al., 2014]. Vital redox-regulating enzymes (e.g. 

peroxidases, peroxiredoxins, and thiol reductases) rely on the intracellular pool of 

reduced GSH as a source of reducing equivalents. To access the utilization of GSH as 

a cofactor by CeO2 NPs, intracellular GSH was depleted by H2O2. This led to a loss of 

antioxidant function and an increase in ROS levels. Not surprisingly, H2O2 led to a 
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decrease in the levels of reduced GSH, while the cube-shaped CeO2 NPs, compared 

with the rod- and octahedron-shaped CeO2 NPs, resulted in a stronger replenishment of 

GSH that had been depleted by H2O2 in ReNcell CX cells (Figure 5.10B). Of note, 

NAC is a thiol compound that acts as a cysteine source for the replenishment of 

intracellular GSH and it may serve as a direct scavenger of ROS, thus preventing 

apoptosis [Akhtar et al., 2010]. Hence, it was used as a positive control in this project. 

In healthy cells, the overproduction of ROS is prevented by the antioxidant defense 

system [Pisoschi et al., 2015]. H2O2 is a cytotoxic oxidant, as it is a key ROS that causes 

oxidative damage to cells. Neither an excessive nor a deficient concentration of H2O2 

is beneficial for cells; thus, it is important to maintain H2O2 homeostasis. NOX and 

SOD convert O2 into H2O2 [Sena et al., 2012]. Meanwhile, CAT removes excess H2O2 

during conditions of oxidative stress [Sies et al., 1999; Arthur, 2000]. Hence, the 

replenishment of cellular GSH by CeO2 and the protection of cells from H2O2-induced 

cytotoxicity may be explained by the redox catalytic properties of CeO2. Our end-point 

data clearly demonstrated that cells treated with cube-shaped CeO2 NPs were more 

protected from H2O2-induced oxidative stress and cytotoxicity than rod- and 

octahedron-shaped CeO2 NPs. Previous studies have demonstrated that H2O2 is a 

physiological component of living cells and is constantly produced though various 

cellular pathways [Chance et al., 1979; Antunes et al., 2001; Stone and Yang, 2006]. 

Although the intracellular concentration of H2O2 is relatively low, we hypothesized that 
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CeO2 NPs may efficiently eliminate H2O2 and help maintain redox homeostasis in 

NPCs. 
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CHAPTER 6 General discussion and conclusion 

6.1 Discussion and conclusion  

Biomaterials play vital roles in bioscience, tissue engineering, regenerative 

medicine, and other related fields [Williams, 2009; Canaparo et al., 2021], and have 

recently undergone rapid development globally. After the biomaterial is implanted into 

a living system, interactions with various molecules occur on the surface of the material. 

These interactions are influenced by the surface properties of the materials, such as 

surface chemistry, wettability, surface roughness, size, shape, and chirality [Yao, et al., 

2013; Choi, et al., 2012; Ciccarese, et al., 2020]. Neurodegenerative diseases have 

become a major public health concern as the world’s population rapidly ages. The 

pathogenesis of neurodegenerative diseases is predominantly driven by neuronal death 

or dysfunction in specific brain regions [Khanam, et al., 2016]. Thus, novel 

biomaterials have been studied to provide new technologies and methods for NSC and 

NPC culture for the treatment of neurodegenerative diseases. In this research, we 

mainly explored the biocompatible nanomaterials, Fe2O3 CNPs and CeO2 NPs, for 

extracellular and intracellular stimulation, respectively. Moreover, we evaluated the 

effects of different nanomaterials on NPCs based on the physical and chemical 

characteristics of the nanomaterials to provide new insights into the application of 

nanomaterials in NPC therapy.  

In the experiments described in Chapter 3, we chose a type of inorganic metal 

oxide nanomatrix (Fe2O3 CNPs) due to its weak toxicity. The adhesion, proliferation, 
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and differentiation of NPCs on the surfaces of chiral-dependent Fe2O3 CNPs were then 

examined. Our data demonstrated that the molecular chirality of the matrix clearly 

regulated the biological behaviors of NPCs. Fe2O3 CNPs promoted NPC spreading and 

growth and maintained the proliferative ability of NPCs, while inhibiting their 

differentiation. Interestingly, LH-Fe2O3 CNPs showed superior performance to RH-

Fe2O3 CNPs. This study may contribute to the future selection of the appropriate in 

vitro matrix that is conducive to the maintenance of the growth and stemness of NPCs. 

In the experiments described in Chapter 4, another type of inorganic metal oxide 

nanomaterial (CeO2 NPs) was prepared, and we mainly explored the facet-dependent 

effects of CeO2 NPs on NPC self-renewal and differentiation. According to our results, 

the cube- (100), rod- (110) and octahedron-shaped (111) CeO2 NPs all showed good 

biocompatibility, entered cells via the endolysosomal pathway, eventually accumulated 

in the mitochondria, and affected the intracellular biological response in NPCs. 

Furthermore, we found that the octahedron-shaped CeO2 NPs enclosed by the (111) 

facet had the lowest CAT-like activity, induced the greatest amount of ROS production 

in ReNcell CX cells, and promoted neuronal differentiation by activating the 

AKT/GSK-3β/β-catenin pathway. 

CeO2 NPs have been shown to be effective nanocatalytic medicines to prevent 

oxidative stress after brain trauma and in neurodegenerative diseases. However, the role 

of the surface atomic structure of CeO2 in the homeostasis of oxidative stress in NPCs 

remains unclear. In the experiments described in Chapter 5, we mainly studied the ROS 
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scavenging ability of the three CeO2 nanozymes in NPCs and elucidated the origin of  

facet-dependent CAT-like activity. The results of physical studies, including Amplex 

Red assays, in-situ Raman experiments, and XPS analysis, confirmed that cube-shaped 

CeO2 NPs had the highest CAT-like activity of the different shapes tested. In biological 

studies, the CeO2 NPs with the (100) facet had excellent CAT-like activity, exhibited 

superior cytoprotective effects, and had excellent ROS scavenging activity in NPCs 

under H2O2 challenge.  

Taken together, our findings demonstrated that (1) both inorganic metal oxide 

Fe2O3 CNPs and CeO2 NPs have good biocompatibility; (2) LH-Fe2O3 CNPs have 

greater performance at promoting cell growth and maintaining stemness than RH-Fe2O3 

CNPs; cube-shaped CeO2 NPs enclosed by the (100) facet exhibit the highest CAT-like 

activity, such that they provide superior protection to NPCs from H2O2 induced 

oxidative stress; and (3) octahedron-shaped CeO2 NPs enclosed by the (111) facet have 

the lowest CAT-like activity and induce the greatest amount of ROS production, 

compared with the other shapes tested, in ReNcell CX cells, which promotes neuronal 

differentiation by activating the AKT/GSK-3β/β-catenin pathway.  
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6.2 Significance of this study  

Our findings demonstrate that the novel nanomaterials we tested mediated cell 

growth and redox homeostasis and their biological functions in NPCs were highly 

dependent on their chirality and crystal facets. Clarifying the crucial role of chirality 

and facets in modulating the properties of nanomaterials provides valuable insights for 

the development of specific nanomaterials with desired biological activities. Therefore, 

it is necessary to consider the influence of physical properties in future studies of the 

biological application of nanomaterials.  
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6.3 Future plans 

6.3.1 Further verification of the results using RNA-sequencing and investigation 

of the roles of chirality in the differentiation of NPCs 

To gain a greater understanding of the molecular mechanism responsible for the 

effect of nanomatrix chirality on NPC differentiation, we performed RNA sequencing 

(RNA-seq) of ReNcell CX cells seeded on LH- and RH-Fe2O3 CNPs. The RNA-seq 

data demonstrated that the expression levels of 91 genes were affected (greater than 2-

fold changes) by LH-Fe2O3 CNPs in ReNcell CX cells. Of these 91 genes, 39 were up-

regulated and 52 were down-regulated. The expression levels of 107 genes were 

affected by RH-Fe2O3 CNPs in ReNcell CX cells, of which 49 were up-regulated and 

58 were down-regulated. Meanwhile, 49 genes showed significant differences in 

expression levels between LH- and RH-Fe2O3 CNPs, with 38 up-regulated and 18 

down-regulated genes. The differentially expressed genes were then analyzed using 

Gene Ontology enrichment analyses (Figure 6.1) and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway analyses (Figure 6.2). These analyses showed that 

various chiralities of Fe2O3 CNPs affected the expression of many genes related to 

biological activity, cellular component, and molecular function. The KEGG pathway 

analyses suggested that PTPRC was upregulated by LH-Fe2O3 CNPs in ReNcell CX 

cells (Figure 6.2). Moreover, we found that the cell adhesion molecules pathway was 

affected by LH-Fe2O3 CNPs. Therefore, in future research we will further measure the 
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effects of LH-Fe2O3 CNPs on the mRNA levels PTPRC using reverse transcription-

polymerase chain reaction assays. 
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Figure 6.1 GO classification of differentially expressed genes of ReNcell CX cells 

seeded onto LH-/RH-Fe2O3 CNPs. 
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Figure 6.2 The cell adhesion molecules pathway in KEGG. Upregulated gene of 

ReNcell CX cells on LH-Fe2O3 CNPs is marked in red. 
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6.3.2  Further exploration of the underlying mechanisms of oxidative stress 

mediated by H2O2 

In the experiments described in Chapter 5, we mainly elucidated the origin of the 

facet-dependent neuroprotective effects and ROS-scavenging ability of CeO2 

nanozymes though physical property measurements. However, studies of the molecular 

mechanisms of H2O2-mediated oxidative stress and scavenging by CeO2 nanozymes in 

ReNcell CX cells are lacking. It has been reported that the expression of apoptosis-

related proteins is regulated during H2O2-mediated apoptosis [Bartosz, 2000]. Among 

the apoptotic proteins, those in the mitogen-activated protein kinase (MAPK) signaling 

pathway play vital roles in regulating apoptosis. MAPK then regulates downstream 

genes, such as Bcl-2 family [Satoh et al., 1996]. The Bcl-2 family of proteins controls 

the innate mitochondrial apoptotic pathway mainly by manipulating cytochrome C 

release, which triggers the caspase cascade and eventually, apoptosis [Monian and 

Jiang, 2012]. To determine the molecular mechanisms of oxidative stress mediated by 

H2O2 and scavenged by CeO2 nanozymes, we will examine the expression of MAPK 

(e.g. ERK, JNK, and p38 kinase), Bcl-2 and Bax to verify the cytoprotection of CeO2 

via biological technique.  
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