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II. Structure of the thesis 

The present thesis comprises five chapters: Introduction (1), Experimental Results (2), 

Summarizing Discussion (3), Conclusions (4) and Future Perspectives (5). 

Chapter 1: Introduction.  

The general introduction aims to present the state of the art and the most important 

scientific findings on the two main topics of the research: nanomaterials and brain cells. The 

nanotechnology section provides an insight into the history of nanotechnology and outlines 

the properties and applications of engineered nanoparticles, with a special focus on the 

current understanding of biomedical applications of cerium oxide nanoparticles. The 

following section describes the major roles of astrocytes within the brain and details some 

aspects of their metabolism and pathological states. Such factors are critical in the 

comprehension of the findings reported in this thesis. Additionally, this section discusses 

the characteristics of the immortalized C6 glioma cell line and its use as a model for 

astrocytes. 

Chapter 2: Experimental Results. 

The central chapter of this thesis contains the presentation and discussion of novel 

experimental results obtained on cerium oxide nanoparticles and their effects on cultured 

astrocytes and C6 glioma cells. It has been divided into three chapters: 

2.1. Coating, functionalization and characterization of cerium oxide nanoparticles to 

study cellular accumulation and biocompatibility in astrocyte primary cultures and 

C6 glioma cells.  

2.2. Cerium oxide nanoparticles and CeCl3 stimulates the glycolytic flux in astrocyte 

primary cultures. 

2.3. Scavenging of reactive oxygen species by DMSA-coated cerium oxide nanoparticles 

and ionic cerium in cultured glial cells. 

These three chapters have been organized with the formal structure of scientific 

manuscripts. Therefore, each chapter comprises an abstract and a comprehensive 

introduction to the pertinent topic, supported by relevant literature. The section detailing 

the specific materials and methods used is followed by a presentation and description of the 

results, which are subsequently interpreted and contextualized alongside previous findings 

and hypothesis. All data presented have been obtained and elaborated by the author of this 
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thesis, unless stated otherwise within the chapter. None of these chapters have been 

submitted for peer-review or publication so far.  

Chapter 3: Summarizing Discussion 

The most relevant results and the key-findings from the experimental data obtained in 

Chapter 2 are consolidated and a broader picture of their meaning and their repercussions 

regarding the potential of cerium oxide nanoparticles as therapeutic agents in brain cells is 

sketched.  

Chapter 4: Conclusions 

The key findings of this thesis are formulated and compelled in eleven conclusions, as a 

summary. They cover the topics addressed in Chapter 2, including the proposed coating of 

CeONPs with DMSA, the impact on the metabolism of astrocytes and the scavenging 

properties of reactive oxygen species extra- and intracellularly. 

Chapter 5: Future Perspectives 

Lastly, the thesis provides an overview of possible future research directions and unsolved 

questions. 
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III. Summary 

Cerium oxide nanoparticles (CeONPs) are considered a solid candidate for the new 

generation of antioxidants due to their protective potential against oxidative stress 

demonstrated in vitro and in vivo and their self-regeneration potential. Cellular or systemic 

CeONPs protection against radical-induced toxicity is based on their redox cycling capacity 

coupled with oxygen buffering. However, their antioxidant capacity as well as the side-

effects of their application strongly depend on their synthesis and the cells targeted. In this 

line, previous studies have demonstrated protective effects of CeONPs against neuro-

pathologies with a strong background of oxidative stress, such as Alzheimer´s disease, 

Parkinson´s disease or ischemia. However, despite this growing scientific evidences, the 

non-acute effects of CeONPs in glial cells remain a vast unexplored area of research. 

Therefore, it is of utmost importance to explore the novel formulations and the particular 

cellular interactions of CeONPs. 

In the presented thesis, the coating with dimercaptosuccinate (DMSA) of commercial 

CeONPs was tested to obtain a colloidally stable DMSA-CeONPs dispersion. These 

nanoparticles (NPs) were thoroughly analyzed for their physicochemical properties such as 

size, shape and zeta potential. In addition, DMSA-CeONPs were fluorescence functionalized 

with the Oregon Green dye (OG), allowing the microscopical observation of their time- and 

temperature-dependent cellular uptake by rat C6 glioma cells and astrocytes. Cell viability 

and the effects on glucose metabolism was also investigated in astrocytes after incubation 

with DMSA-CeONPs. Different experimental conditions revealed that astrocytes remained 

viable over time and accumulated cerium in a concentration-dependent manner. However, 

the glycolytic flux was stimulated and thus, the extracellular concentration of lactate was 

significantly increased in astrocytes treated with DMSA-CeONPs. Comparison to astrocytes 

exposed to ionic cerium showed that the stimulation of the glycolytic flux depends on the 

presence of cerium, independently of the form in which it was presented. However, the 

intracellular cerium accumulation was significantly enhanced after exposure to DMSA-

CeONPs compared to cells treated with ionic cerium. Incubations with hypoxia inducible 1 

α (Hif-1α) stabilizers revealed that such stimulation of the glycolytic flux showed 

similarities to the stimulation observed when astrocytes were incubated with DMSA-

CeONPs and therefore, it is concluded that cerium may interfere with the intracellular 

oxygen availability. 



 
 

VIII 
 

Two different approaches were taken to assess the potential antioxidative capacity of 

DMSA-CeONPs against reactive oxygen species (ROS): 1) the removal of exogenous H2O2 

and the scavenging of cellularly formed superoxide was tested extracellularly and 2) 

intracellularly, by pre-incubating glial cells with these DMSA-CeONPs and then incubating 

them in the presence of exogenous H2O2 or under the cellular formation of superoxide. The 

results demonstrate that DMSA-CeONPs have only a limited extracellular ROS scavenging 

capacity. Internalized DMSA-CeONPs did not act as antioxidants in glial cells, nor did they 

show catalyst activities under the conditions tested. 

In conclusion, the coating and fluorescence functionalization of CeONPs presented in this 

thesis are suitable tools to study the uptake, intracellular fate and accumulation in glial cells. 

However, these NPs cannot be applied as antioxidants due to their limited ROS scavenging 

capacities. DMSA-CeONPs did not affect the viability of glial cells but altered glucose 

metabolism, most likely via Hif-1α stabilization. In this line, this thesis highlights the 

importance of the investigation of the cellular effects beyond cell viability and under non-

pathological conditions of CeONPs treatments.  
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IV. Zusammenfassung 

Ceroxid-Nanopartikel (CeONPs) gelten aufgrund ihres in vitro und in vivo nachgewiesenen 

Schutzpotenzials gegen oxidativen Stress und ihres Selbstregenerationspotenzials als gute 

Kandidaten für eine neue Generation von Antioxidantien. Der zelluläre oder systemische 

Schutz von CeONPs vor radikalinduzierter Toxizität beruht auf ihrer Fähigkeit zum 

Redoxzyklus in Verbindung mit Sauerstoffpufferung. Ihre antioxidative Kapazität und die 

Nebenwirkungen ihrer Anwendung hängen jedoch stark von ihrer Synthese und den 

Zielzellen ab. In diesem Zusammenhang haben frühere Studien die schützende Wirkung von 

CeONPs gegen Neuropathologien mit starkem Hintergrund von oxidativem Stress gezeigt, 

wie z.B. Alzheimer, Parkinson oder Ischämie. Trotz dieser zunehmenden wissenschaftlichen 

Evidenz sind die nicht akuten Wirkungen von CeONPs auf Gliazellen noch ein weitgehend 

unerforschtes Gebiet. Daher ist es von größter Bedeutung, neue Formulierungen und 

spezifische zelluläre Interaktionen von CeONPs zu untersuchen. 

In der vorliegenden Dissertation wurden kommerzielle CeONPs mit Dimercaptosuccinat 

(DMSA) beschichtet, um eine kolloidal stabile DMSA-CeONPs-Dispersion zu erhalten, und 

ihre physikalisch-chemischen Eigenschaften wie Größe, Form und Zetapotenzial eingehend 

analysiert. Darüber hinaus wurden die DMSA-CeONPs mit dem Farbstoff Oregon Green (OG) 

fluoreszenzfunktionalisiert, was die mikroskopische Beobachtung ihrer Zeit- und 

Temperaturabhängigen zellulären Aufnahme durch C6-Gliomzellen und Astrozyten der 

Ratte ermöglichte. Die Lebensfähigkeit der Zellen und die Auswirkungen auf den 

Glukosestoffwechsel wurden ebenfalls in Astrozyten nach Inkubation mit DMSA-CeONPs 

untersucht. Unterschiedliche experimentelle Bedingungen zeigten, dass CeONPs-

exponierte Astrozyten über einen längeren Zeitraum lebensfähig blieben und Cerium 

konzentrationsabhängig anreicherten. Allerdings wurde der glykolytische Fluss stimuliert, 

so dass die extrazelluläre Laktatkonzentration in den mit DMSA-CeONPs behandelten 

Astrozyten signifikant erhöht war. Der Vergleich mit Astrozyten, die ionischem Cerium 

ausgesetzt waren, zeigte, dass die Stimulation des glykolytischen Flusses von der 

Anwesenheit von Cerium abhängt, unabhängig davon, in welcher Form es vorliegt. 

Allerdings war die intrazelluläre Ceriumakkumulation nach Exposition mit DMSA-CeONPs 

im Vergleich zu Zellen, die mit ionischem Cerium behandelt wurden, signifikant erhöht. 

Inkubationen mit Hypoxie-induzierbaren 1 α (Hif-1α)-Stabilisatoren zeigten, dass diese 

Stimulation des glykolytischen Flusses der Stimulation ähnelte, die beobachtet wurde, 

wenn Astrozyten mit DMSA-CeONPs inkubiert wurden. 
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Die potentielle antioxidative Kapazität von DMSA-CeONPs gegen reaktive Sauerstoffspezies 

(ROS) wurde mit zwei verschiedenen Ansätzen untersucht: 1) die Entfernung von 

exogenem H2O2 und das Abfangen von zellulär gebildetem Superoxid wurde extrazellulär 

getestet und 2) intrazellulär, indem Gliazellen mit diesen DMSA-CeONPs vorinkubiert und 

dann in Gegenwart von exogenem H2O2 oder unter zellulärer Superoxidbildung inkubiert 

wurden. Die Ergebnisse zeigen, dass DMSA-CeONPs nur eine begrenzte Fähigkeit besitzen, 

extrazelluläre ROS einzufangen. Internalisierte DMSA-CeONPs wirkten in Gliazellen nicht 

als Antioxidantien und zeigten unter den getesteten Bedingungen keine Nanozyme-

Aktivität. 

Zusammenfassend ist festzuhalten, dass die in dieser Dissertation vorgestellte 

Beschichtung und Fluoreszenzfunktionalisierung von CeONPs geeignet ist, die Aufnahme, 

das intrazelluläre Schicksal und die Akkumulation in Gliazellen zu untersuchen. Allerdings 

können diese NPs aufgrund ihrer begrenzten ROS-Fängerkapazität nicht als Antioxidantien 

eingesetzt werden. DMSA-CeONPs hatten keinen Einfluss auf die Lebensfähigkeit der 

Gliazellen, veränderten aber den Glukosemetabolismus, wahrscheinlich über die 

Stabilisierung von Hif-1α. In diesem Sinne unterstreicht diese Arbeit die Bedeutung der 

Untersuchung zellulärer Effekte von CeONPs-Behandlungen über die Zellviabilität hinaus 

und unter nicht-pathologischen Bedingungen.
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V. Abbreviations and symbols 

$ American dollar 

α alpha 

β beta 

λ wavelength 

ζ zeta 

% percent 

°C degree Celsius 

T° temperature 

µL microliter 

µm micrometer 

µM micromolar 

a.u. arbitrary units 

AA antimycin A 

AD Alzheimer´s disease 

ALS amyotrophic lateral sclerosis 

ANOVA analysis of variance 

APCs astrocyte primary cultures 

ATP adenosine-5´-triphosphate 

BBB blood brain barrier 

BC before Christ 

BSA bovine serum albumin 

CAT catalase 

CE current era  

CNS central nervous system 

CeONPs cerium oxide nanoparticles 

CLSM confocal laser scanning microscopy 

D dimensions 

d day(s) 

DAPI 4’, 6-diamino-1-phenylindole 

DFx deferoxamine 

DH Hydrodynamic diameter 

DLS dynamic light scattering  
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DMSA 2’, 3’ meso-dimercaptosuccinate 

DMSA-CeONPs DMSA-coated cerium oxide nanoparticles 

DMEM Dulbecco´s modified Eagle´s medium 

DMOG dimethyloxaloylglycine 

EDX energy dispersive X-ray 

ELS electrophoretic light scattering 

etc.  et cetera (from Latin, and the rest)  

EU European Union 

FCS fetal calf serum 

Fig. Figure 

GABA gamma-aminobutyric acid  

GFAP glial fibrillary acidic protein 

Glc-6-P glucose 6 phosphate 

GPx glutathione peroxidase 

GSH  glutathione 

h hour(s) 

H33342  Hoechst 3342 

HEPES 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid 

IB  incubation buffer 

IB-BSA incubation buffer containing bovine serum albumin 

ICP-OES inductively coupled plasma optical emission spectrometry 

ICP-MS  inductively coupled plasma mass spectrometry 

i.e.  id est (from Latin, that is) 

IgG immunoglobulin G 

kV kilovolt(s) 

LDH lactate dehydrogenase 

MCT  monocarboxylate transporter  

min minute(s) 
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mM millimolar 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltertrazolium bromide 

mV millivolt(s) 

NAD/NADH nicotinamide adenine dinucleotide 

n.d. not determined 

nm nanometer(s) 
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NMs nanomaterials 

NPs nanoparticles 

NQO1 NAD(P)H: quinone- acceptor oxidoreductase 1 

Nrf2 nuclear factor erythroid 2-related factor 2 

OG Oregon green 

OG-DMSA-CeONPs Oregon green labeled DMSA-coated CeONPs 
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PAA poly(acrylic acid) 

PBS phosphate buffer saline 

PD Parkinson´s disease 

PEG polyethylene glycol 

PFK1 6-phosphofructo-1-kinase 
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PI propidium iodide 
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ROS reactive oxygen species 

RT room temperature 
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SOD superoxide dismutase 

SEM scanning electron microscopy 
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TEM transmission electron microscopy 
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1 Introduction 

1.1 Nanotechnology: Milestones, applications and 

socioeconomical impact 

The term nanotechnology was coined by the scientist Norio Taniguchi at a conference in 

Tokyo (1974) describing it as the “[…] separation, consolidation and deformation of 

materials by one atom or one molecule”. However, the study of matter at the nanoscale (1 

nm= 10-9 m) had already started at the beginning of the twentieth century. The development 

of high-resolution microscopy techniques, transmission electron microscopy (1932) and 

scanning electron microscopy (1937), was crucial to reveal the atomic structure of the 

matter. These important scientific advances together with his own work in quantum 

electrodynamics, allowed the Nobel laureate Richard Feynman to anticipate the possibility 

of manipulating matter at the atomic level in 1959 in his famous speech There´s Plenty of 

Room at the Bottom (Feynman, 1959). He even challenged the scientific community to write 

the entire Encyclopedia Britannica in the head of a pin, which was accomplished by Tom 

Newman in 1985 by using nanotechnology (Feynman, 1960; Dietrich, 1986). The definitive 

impulse to nanotechnology as a field of research occurred in the 1980s. At the beginning of 

this decade, Gerd Binning and Heinrich Rohrer presented the scanning tunneling 

microscope, which permitted to resolve molecular structures and atomic bonds and 

awarded them with the Nobel Prize in Physics in 1986 (Baratoff, 1986). Short time after, the 

buckminsterfullerenes were isolated by Kroto, Smalley and Curl, who were also awarded 

with the Nobel Prize in Chemistry (Curl Jr et al.; Kroto et al., 1985). Almost at the same time, 

the scientist Eric Drexler published his book titled Engines of Creation: The Coming Era of 

Nanotechnology (Drexler, 1987). Another significative advance in the field were the studies 

of carbon nanotubes by the physicist Iijima (Iijima and Ichihashi, 1993). The interest in 

nanotechnology continued growing in the twenty-first century and translated into 

economic and legislative initiatives worldwide. For instance, in 2003 the USA government 

signed the Twenty-first Century Nanotechnology Research and Development Act, which 

turned nanotechnology into a national priority (Roco, 2011). In 2023 the Nobel Prize in 

Chemistry was awarded to Bawendi, Brus and Yekimov for the discovery and synthesis of 

quantum dots (Liz-Marzán et al., 2023). 

Although unintentionally, the use of nanotechnology started early in the history of human 

civilization. The chemical analysis of ancient pieces of red glass manufactured by the 

Egyptians and Mesopotamians during the fourteenth century BC have revealed the presence 
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of copper oxide nanoparticles (NPs), which might have been formed by the use of copper in 

the presence of antimony (Schaming and Remita, 2015). The most charismatic example of 

early use of the properties of metal NPs is the Lycurgus Cup dated from the fourth century 

AD and preserved in the British Museum (London, UK). In this piece of Roman glass-work 

the color observed, green or red, depends on which side of the cup is illuminated. Modern 

studies have determined that this dichroism is due to the scattering and absorption of the 

light produced by silver and gold NPs, respectively (Barber and Freestone, 1990). Some 

other examples of use of the nanotechnology have been found along the centuries, e.g., in 

mosaics, ceramics or Damascus steel (Reibold et al., 2009; Sciau, 2012). 

Since the understanding of the fundamentals of the nanoscale, its use has dramatically 

expanded. In the last two decades, the applications of nanotechnology have exponentially 

increased, and are now present in almost all technical or industrial fields. Industries as 

electronics (Gong and Cheng, 2017), transportation (Mathew et al., 2019), agri-food sector 

(Prasad et al., 2017; Gilbertson et al., 2020), cosmeceuticals (Fytianos et al., 2020), water 

remediation (Ghadimi et al., 2020), and renewable energy (Ahmadi et al., 2019) exploit the 

advantages of using nanomaterials (NMs) to improve the efficacy of their manufacturing, 

the quality of their products or their endurance. The use of NMs is astonishingly diverse. 

For example iron nanoparticles have been used as a fertilizer to increase soybean biomass 

(Liu and Lal, 2015) or have been used in humans as contrast agents in magnetic resonance 

imaging to diagnose cancer (Vu-Quang et al., 2019). Some of the most exciting developments 

are probably happening in the field of biomedicine. Applications in this area can be grouped 

into three main clusters: i) nanotherapeutics, ii) imaging and diagnostics and iii) 

regenerative medicine. Regarding nanotherapeutics, different nanomaterials have been 

evaluated as drug carriers. Iron and gold NPs are now together with liposomes, polymeric 

capsules, micelles and exosomes the most frequently chosen tools for controlled drug 

release (Acebes-Fernández et al., 2020). In 2013, a survey identified 155 nanoproducts 

which were in the clinical phase or were already commercialized. Interestingly, about two-

thirds of the investigational applications identified were focused on cancer treatment 

(Etheridge et al., 2013).  

NMs have also been useful for in vivo diagnosis when used as contrast agents to delimit 

pathological tissues or ex vivo as biosensors which identify different compounds in fluids of 

patients. For this porpoise, gold NPs, quantum dots, silica NPs or intelligent NPs have been 

used in high-standing diagnose-techniques such as computed tomography, magnetic 

resonance imaging or positron emission tomography (Woźniak et al., 2022). To illustrate 
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the versatility of these materials, in a recent study, D´Hollander and colleagues (2020) 

designed gold nanostars, which first helped to localize the tumor in vitro and then, when 

injected to mice, significantly reduced its size. As mentioned before, nanotechnology also 

aims to repair or replace damaged tissues and organs. In this sense, carbon nanostructures 

show a high biocompatibility and support the growth and proliferation of different cells 

types. Just to mention some examples, diamond polymer composites have been developed 

as support of multifunctional tissues (Pelaz et al., 2017) and carbon nanotubes improve the 

electrical activity of neurons and as a consequence promote the growth of neuronal systems 

(Lorite et al., 2019). 

Translating this research and the derived applications into macro-economic data is an 

arduous task, as there are not many open, reliable and up to date sources. In 2017, the 

number of international patents on nano-objects, nanotechnology and nanoproducts 

reached 189,000 with a net increase of 31,000 patents in comparison to 2016. The countries 

significantly contributing to such development were the USA, the country who has led 

investigation and patents in nanotechnology over the past 20 years, and China with around 

85,000 patents filed respectively, followed by Japan (25,000) and South Korea (22,000). In 

October 2021, the USA government released the latest strategic plan for the US 

nanotechnology initiative, its main priority being to reinforce this leadership.  The American 

nanotechnology market has been estimated at US $ 13.2 billion in 2021 

(https://statnano.com/news/69907/Review-of-the-2021-US Nanotechnology-Initiative-

Strategic-Plan, accessed 26.01.24). 

Concerning the EU, the most prolific country in patents, and the first manufacturer of 

commercial nanoproducts is Germany (Inshakova et al., 2020). Overall silver is the most 

reported nanomaterial commercialized in the EU, representing 10% of total. Remarkably, 

70% of the 5,000 products registered in this database by 2020 had an unknown 

composition. The top three applications of nanotechnology are electronics, energy and 

biomedicine. Together they account for over 70% share of the global market (Inshakova et 

al., 2020). The majority of the nanoproducts declared to the Nanodatabase, and therefore 

commercialized in the EU, correspond with Health and Fitness (62%) (Inshakova et al., 

2020). However, as a disclaim, these are only partial figures as not all producers declare 

their products to this database (Hansen et al., 2020). To illustrate the socioeconomic impact 

of this market, the European Commission estimated that in 2014 the nanotechnology sector 

directly employed between 300,000 to 400,000 people 
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(https://ec.europa.eu/growth/sectors/chemicals/reach/nanomaterials_en consulted 

20.11.23). 

Sociologically, in a recent study carried out by Porcari and colleagues (2019), 

nanotechnology was identified as a symbol of progress for more than 50% of a total of 97 

participants in Denmark, Germany and Spain. It could be also inferred than the knowledge 

about nanotechnology positively correlated with the concern about its risks: naïve 

individuals, with less previous information, were less concerned. The purchase intention 

was greater in all three countries when nanotechnology was present in electronics or used 

in health monitoring, but was significantly reduced when presented in food (Porcari et al., 

2019). Overall, the perception of nanotechnology is positive or neutral but stakeholders as 

well as general public remarked the need of clearer and more comprehensive regulations. 

1.2 Nanomaterials: fundamentals 

Paradoxically and despite its expansion, there is still no agreement on definition of 

nanomaterial. The International Organization for Standardization defines it as the “material 

with any external dimension in the nanoscale or having an internal structure or surface 

structure in the nanoscale” (ISO/TR 18401:2017, 2017). Likewise, there are also several 

classifications attending different criteria. Depending on the origin, nanomaterials can be 

generated (i) incidentally as a byproduct of industrial processes e. g. NPs produced by 

engines (ii) naturally produced by organisms or geological events e.g., NPs emitted by 

volcanoes or (iii) by designing them, i.e., the engineered nanomaterials (Jeevanandam et al., 

2018). 

Attending to their size and dimensionality, the engineered nanomaterials can be attributed 

to one of the 36 existing classes of nanostructures according to the classification suggested 

by Pokropivny and Skorokhod (2007). Such dimensionality results as a function of the 

arrangement of their elementary building units. To establish the 36 classes of 

nanostructures these authors first grouped the elementary building units by the number of 

dimensions that exceed the nanoscale. Molecules, NPs or fullerenes have all their 

dimensions in the nanoscale and therefore, they were considered 0 dimensions (0D), 

nanotubes or nanofibers 1D and nanoplates or nanolayers 2D. The spatial arrangement of 

these elementary building units determines to which class the nanostructure is assigned. 

For example, uniform NPs arrays are considered 0D0 but when these NPs form a polymer, 

the resulting nanostructure is classified as 1D0. Consequently, the materials which have all 

their dimensions above 100 nm but have different elementary building units in all 

https://ec.europa.eu/growth/sectors/chemicals/reach/nanomaterials_en
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directions are considered 3D as for example tridimensional composites. In addition, 

nanomaterials exist in single, fused, aggregated, or agglomerated forms with spherical, 

tubular, ellipsoidal, irregular or amorph shapes (Sannino, 2021). 

Based on its composition, NMs can be classified as single constituent or nanocomposites. In 

addition, they can be divided into (i) organics, which include polymers or lipids or (ii) 

inorganics mainly formed by metals, metalloids and their respective oxides (Saleh, 2020). 

Allotropes of the same nanomaterial are highly exploited in nanotechnology. The most 

representative example is carbon. The different crystallization of this element (i.e. 

fullerenes, nanotubes, graphene, graphite and diamond) lead to different features which 

might be useful for certain applications (Riley and Narayan, 2021) 

Importantly, NMs show unique properties compared to the corresponding chemical 

compound in bulk. These special features derive mostly from their size. For any material 

that is broken down into extremely small pieces, the surface area per volume unit increases 

significantly and the percentage of atoms at the surface becomes more relevant (Sannino, 

2021). The interior atoms of any material are more coordinated and stable as those present 

at the edges or corners of the surface. Therefore, materials in the nanoscale range show an 

enhanced reactive surface, which logically leads to a major interaction with their 

environment. For the same reason, nanomaterials show a lower melting point and enhanced 

solubility (Roduner, 2006).  

Also relevant is the surface charge, which determines the dispersion stability or aggregation 

of the nanomaterials and its affinity towards other molecular species or even cells (Jiang et 

al., 2009; Huang et al., 2017). Frequently, in colloidal suspensions the surface charge is 

indirectly estimated by the zeta potential (ζ-potential). The ζ-potential measures the electric 

potential in the interfacial double layer at the location of the slipping plane relative to a 

point in the fluid away from the interface (Predota et al., 2016). The absolute value of the ζ-

potential increases in well dispersed solutions and decreases when aggregation takes place. 

The ζ-potential can either be positive or negative, indicating mostly the character of the 

solute, and it is greatly influenced by the size of the NMs and the composition and pH of the 

medium (Predota et al., 2016).  

Another key factor to explain the singularity of NMs is the quantum confinement. Such 

confinement is due to an increase in the band gap of the material due to the limitation of the 

random movement of electrons which can now move in discrete energy levels (Ramalingam 

et al., 2020). The increase in the band gap is inversely correlated to the size of the material. 

However, at what size a material undergoes quantum confinement varies depending on the 
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composition and the quantum mechanical nature of the electron and holes present in the 

material (Edvinsson, 2018). This effect is translated into chemical changes, mainly in the 

electrical and optical properties of the material in contrast to their bulk counterpart 

(Roduner, 2006; Loss, 2009). NMs which undergo quantum confinement usually show 

luminescence. Colloidal CdSe-CdS core-shell NPs nicely illustrate this phenomenon. By 

slowly incrementing the particle size form 1.7 nm to 6 nm, a full pallet of luminescent colors 

from blue to red can be observed (Talapin et al., 2004).  

NMs, and particularly NPs, also show differences in magnetism in comparison to their 

respective bulk materials. NPs of iron, nickel or cobalt present enhanced magnetism. 

Moreover, Mn and Cr bulk materials possess an antiferromagnetic ground state, however, 

when synthesized as NPs, they instead might display ferromagnetic attraction.  

Ferromagnetic behavior has been observed in otherwise non-magnetic materials such as 

Au, Ag, TiO2, ZnO or CeO2 when present as NMs (Sundaresan et al., 2006). Different 

investigations have attributed this effect to the appearance of quantum-size effects and 

defects in the surface as vacancies, substitutions or interstitial atoms (Gao et al., 2010). In 

theoretical studies, this magnetism has been attributed to the unpaired electrons in s- or p-

bands in contrast to the conventional magnetism which arises from unpaired electrons in 

d- or f-orbitals (Singh, 2013).  

Another chemical property which appears affected in the nanoscale is the catalysis. In 1987, 

Haruta and colleagues discovered that gold NPs could act as catalyst mediating the 

transformation of CO2 to CO by O2 when their size was below 5 nm. Until then, gold was 

considered an inert metal. Since then, there has been an increased interest in using 

nanomaterials as heterogenous catalysts. The catalyst reactivity of certain NMs seems to be 

determined by a combination of factors as the size and the quantum effects deriving from 

it, the presence of higher densities of low coordinated atoms, an excess of electronic charge 

and the interaction between the nanomaterials and their support (Cuenya, 2010). Catalytic 

studies investigating the different contributions of the NMs have been prolific in the recent 

years (Astruc, 2020).  

In biological systems, enzymes are natural and efficient catalysts which have resulted from 

evolution. Some enzymes increase reaction rates by up to one million times. Reactions, 

which in the absence of the enzyme would take years, occur in fractions of seconds (Cooper, 

2000; Wolfenden and Snider, 2001). Despite such competition, NMs have also been 

investigated as “nanozymes”. The NMs with enzyme-like activity have the advantage of 

working under dysregulated physiological conditions (pH or T°) and being resistant to the 
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digestion by proteases (Singh, 2019).  In this line, Gao et al. (2007) demonstrated the 

peroxidase-like activity of magnetite NPs. Afterwards, the catalytic properties of other 

metallic NPs based on cerium, copper, platinum, gold or cobalt have been intensively 

investigated. This research has mainly focused in finding nanozymes with redox activities 

similar to peroxidases, oxidases, catalases or superoxidase dismutases and recently also to 

hydrolase mimic activities (Karakoti et al., 2010; Pirmohamed et al., 2010; Singh, 2016; 

Karim et al., 2018; Wang et al., 2018; Wu et al., 2019).  

1.3 Nanoparticles 

NPs can be defined as nano-objects with three external dimensions in the nanoscale (0D). 

They possess a nucleus formed by the core material which can be a single component or an 

alloy of different elements and provides the NPs with their physical properties such as 

plasmonic resonance, magnetism or optical features (Feliu et al., 2016; Heuer-Jungemann 

et al., 2019). The persistence of the physical properties of the core in a biologic environment 

is usually fundamental for their use.  

The second layer of the NPs is commonly an engineered coating which is intentionally added 

to the NP during or just after their synthesis. The high reactivity of the native surface of the 

NPs usually facilitates the coating. The tailor-made coating material are usually designed to 

provide colloidal stability and, particularly in the field of nanomedicine, biocompatibility 

but also to gain some other functionality e. g. traceability (Bhirde et al., 2011; Rastedt et al., 

2017), drug transportation (Naeem et al., 2021) or responsiveness to pH (Xu et al., 2020; 

Yan and Ding, 2020), temperature (Abulateefeh et al., 2013) or light (Wang et al., 2017; 

Zhang et al., 2017). Surface coatings have been seen to have a great impact on the fate of the 

NPs, including cell adhesion, uptake and distribution within the organism, tissue or cell 

compartments (Zhu et al., 2013; Meng et al., 2018). These engineered coatings are mostly 

polar oligomeric or polymeric compounds that can either be organic or inorganic (Chanana 

and Liz-Marzan, 2012). Attending to their origin there are two mayor classes, synthetic and 

natural coatings (Schubert and Chanana, 2018). The formers are so far, the most common 

in nanomedicine research, especially the polymer polyethylene glycol (PEG). Several PEG-

NPs are commercially available and therapeutically used in the USA and EU (Alconcel et al., 

2011; Suk et al., 2016). PEG has been considered an inert material which does not cause 

immunogenicity or antigenicity at least in short term studies (Chanana and Liz-Marzan, 

2012), although some studies have demonstrated that PEG- conjugated substances cause an 

immune reaction known as accelerated blood clearance (Abu Lila et al., 2013). The NPs 
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coated with PEG show an enhanced colloidal stability due to the prevention in great extent 

of non-specific protein adsorption (Sebak, 2018). The main disadvantages are the 

enlargement of the particle´s size, possible abrupt release of the cargo when interfering with 

the reticuloendothelial system, lower cellular uptake and non-biodegradability (Sebak, 

2018). Organic thiols containing one or multiple charged groups, such as mercaptosuccinic 

acid, dimercaptosuccinic acid, mercaptopropionic acid or penicillamine have been broadly 

used as coating agents for NPs as well (Bertorelle et al., 2006; Luther et al., 2013; Petters et 

al., 2016; Rastedt et al., 2017). These compounds also enhance the colloidal stability of the 

NPs, and in contrast to PEG, allow to further functionalize them, which usually does not 

result in a drastic change in size (Karakoti et al., 2011). However, these NPs are sensitive to 

the pH and the ionic strength of the medium, which may cause reversible aggregation 

(Taladriz-Blanco et al., 2011).  

Natural coatings, on the other hand, are characterized by their high biocompatibility and 

exhibit a well-known structure. The most employed biopolymers are the polynucleotides 

(DNA and RNA), polysaccharides (dextran and chitosan) or polypeptides (Schubert and 

Chanana, 2019). Charged polysaccharides such as chitosan or hyaluronic acid have lately 

been investigated to overcome the stability problems of dextran in serum (Schubert and 

Chanana, 2019). Protein coatings have risen a great interest because of their high stability 

under physiological conditions (Chanana and Liz-Marzan, 2012) and due to the chemical 

versatility derived from the twenty-one different amino acids which could be present in 

their structure (Jeong et al., 2018). 

The third and most external layer of the corona of the NPs is formed by biomolecules such 

as lipids, metabolites, sugars and especially proteins adsorbed from the environment. This 

external layer is usually denominated as “soft corona” in the literature (Mohammad-Beigi 

et al., 2020). So far, the research in this field has mainly been focused in the interaction 

between proteins and NPs (Hadjidemetriou and Kostarelos, 2017). Proteins bind to the 

surface of the NPs mediated by different forces, such as van der Waals, electrostatic, 

hydrogen bonding or salt bridge formation and critically affect the features and behavior of 

the NPs in the biological environment (Chen et al., 2017). These bonds are transient and 

vary over time. For example, for the protein corona it has been measured that low- 

abundance proteins were present at the beginning and the end of a 480 min incubation of 

NPs in plasma whereas at intermediate timepoints high-abundance proteins were adsorbed 

(Tenzer et al., 2013). The protein corona is dramatically influenced by the size and nature 

of the core as well as the surface charge hydrophobicity (Osorio-Blanco et al., 2019; 
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Richtering et al., 2020). As a generalization, in different in vivo studies it has been observed 

that the protein corona is mainly formed by albumin, fibrinogen and immunoglobulin G 

(IgG) (Winzen et al., 2015; Breznica et al., 2020). Reciprocally, the protein corona 

determines at great extent the fate of the NPs in the system. Importantly, when the NPs are 

intravenous administered, opsonins such as IgG or fibrinogen have been seen to promote 

their uptake by macrophages and are the cause for the rapid clearance of NPs from the blood 

circulation (Kotagiri and Kim, 2014). On the contrary, bovine serum albumin (BSA) 

precoating has been observed to significantly increase in vivo half-life of luminescent porous 

silicon NPs. Such effect might be attributed to a decrease in non-specific binding (Xia et al., 

2013). However, BSA presence have been also considered as responsible of a greater NP 

aggregation under certain conditions (Dominguez-Medina et al., 2016). Several in vitro 

studies have shown varying protein corona conformation depending on the serum to which 

the NPs are exposed. For instance, in the study carried out by Schöttler et al. (2016), 

polystyrene NPs exposed to fetal bovine serum or human serum not only showed different 

composition within the six most abundant proteins representing about the 70% of the 

protein corona but also a different relative amount in the albumin, which was in both cases 

the most abundant protein in the corona. 

In conclusion, the NPs protein corona is particle identity-dependent, cell type-dependent 

and environment-dependent. In addition, there are major difficulties for its study as it 

evolves over time and the bonds are transient and might be affected by the analysis 

employed. However, it is worth to remark that the soft protein corona crucially determines 

the fate of the NPs in a biological environment. 

As a result of all these factors previously discussed, an overwhelming number of singular 

NPs with different properties and for diverse purposes have been developed and 

investigated (Harish et al., 2022). However, the scope of this thesis is concentrated on 

investigating the characteristics and effects of cerium oxide nanoparticles on brain cells and 

therefore, the next section is exclusively focused on these interesting NPs. 

1.4 Cerium-based nanoparticles 

Cerium-based NPs have been long exploited in the automotive industry as catalyzers for fuel 

oxidation and gas exhaust treatment as these NPs efficiently catalyze the oxidation of CO 

into CO2 in the presence of O2 (Dey and Dhal, 2019) and reduce the particulate matter 

emissions in diesel engines (Sajith et al., 2010). They are also widely used as abrasive in 

chemical mechanical polishing/planarization (Feng et al., 2003; Abiade et al., 2005; Son et 
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al., 2021), corrosion protection (Harb et al., 2020) and solar cells (Hajjiah et al., 2018; 

Mehmood et al., 2020). Lately their catalyst and redox properties have also been 

investigated for biomedical uses. 

1.4.1 Physical and chemical characteristics 

Cerium belongs to the group of lanthanides or “rare earth elements” and it is the most 

abundant element of this series. Concentration in the earth´s crust has been estimated at 

66.5 ppm (Balaram, 2019) with an occurrence similar to copper (Migaszewski and Galuszka, 

2015). For industrial purposes, it is mainly extracted from the minerals bastnäsite, 

monazite, allanite and cerite (Ramos et al., 2016; Dey and Dhal, 2019). 

Cerium is the first element in the periodic table with a partially occupied f orbital. In fact, 

the electronic configuration of cerium, i.e., [Xe] 4f1 5d1 6s2, shows two partially filled 

orbitals, 4f and 5d, with several excited sub-states predicted (Allen et al., 1986). It is 

remarkable that after years of study to solve the actual localization of this 4f electron in the 

cerium oxide, it still remains open to discussion whether it is fully or partially delocalized. 

Such question might seem trivial but is crucial to define and control the performance of 

cerium derivatives as redox catalysts (Huang and Lu, 2019; Herper et al., 2020). 

Based in quantum theoretical modelling (i.e. density functional theory in combination with 

others), which aim at reproducing and explaining experimental observations, in CeO2, also 

denominated ceria, the cerium atom possesses an electron in the 4f orbital which behaves 

as an ordinary valence electron, thus, it is at some extent delocalized (valence band model) 

(Skorodumova et al., 2002; Zhou et al., 2019). In consequence, in the bonding with oxygen, 

the four valence electrons leave the cerium atom to the p bands of oxygen atoms 

(Skorodumova et al., 2002). CeO2 is thermodynamically stable at ambient conditions. 

However, as oxide, cerium can also be fully reduced to Ce2O3. In this formulation, the 4f 

electron has been calculated to be mainly localized in the cerium atom and, therefore, does 

not behave as a valence electron but as a core electron (core state model) (Wuilloud et al., 

1984; Gangopadhyay et al., 2014). Ce2O3 is not as stable as ceria at normal conditions and 

get easily oxidized to CeO2 in the presence of oxygen (Hamm et al., 2014). 

Importantly, on bulk but especially at the nanoscale, ceria naturally presents a significant 

number of native surface defects, oxygen vacancies being the most stable ones 

(Skorodumova et al., 2002). Such vacancies have been described under a wide range of 

conditions. In the formation of neutral oxygen vacancies, an oxygen anion O2-, leaves the 

lattice as a neutral species, formally ½ O2 (g), and the two electrons in play get “localized” 
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in f-level on two Ce4+ atoms, which finally get reduced to Ce3+ (Equation 1) (Skorodumova 

et al., 2002). 

                              O2-+2Ce4+ → 2Ce3+ + ½ O2 (g)                        (Equation 1) 

As a result, ceria exists in a non-stochiometric formulation, which can be notated as CeO2-x, 

where x is the non-stoichiometric oxygen and which values range between 0 ≤ x ≤ 0.5 

(Schmitt et al., 2020). The formation of non-stoichiometric ceria is generally favored at high 

formation temperature and low oxygen partial pressure. In general, the number of Ce3+ 

atoms present are inversely correlated to the particle size (Chen et al., 2010). Additionally, 

different cations of similar size as Ce4+ but different valence (dopants) can be added during 

the synthesis to intentionally create surface defects. The most effective ones are trivalent 

cations as samarium and gadolinium where the loss of positive charge is compensated by 

the formation of one oxygen vacancy per two dopant elements (Schmitt et al., 2020). 

The quantum process of localization/delocalization of the 4f electrons, mentioned above, 

coupled with the formation or presence of oxygen vacancies explain the redox capacity of 

ceria (Herper et al., 2020). Cerium can act as an oxygen buffer, under reducing conditions, 

the oxygen vacancies proliferate and Ce4+ atoms switch or flip-flop to Ce3+. Reversibly, under 

oxidizing conditions, Ce3+ atoms get rapidly oxidized back to Ce4+. Skorodumova and 

colleagues (2002) modelized this flip-flop and demonstrated that there is a substantial 

energy gain when the two remaining electrons of a newly created oxygen vacancy occupy 

the localized f states of two closer cerium atoms. As a result, the oxygen storage capacity 

(OSC) of a particular ceria sample can be calculated. The OSC is defined as the amount of 

oxygen that can be trapped and, therefore, released from the sample during a controlled 

red-ox cycle (Kullgren et al., 2013). 

All these quantum models to establish the location of the 4f electrons consider the 

tridimensional arrangement of the atoms in ceria for their computations. Moreover, 

understanding how and where the oxygen vacancies are formed is crucial in material 

engineering to optimize the catalysis which takes place in the surface of the material. For 

this purpose, an insight into the crystallography of ceria is required. Basically, CeO2 shows 

a face centered cubic fluorite structure, which contains four cerium atoms per unit cell 

(Conesa, 1995; Skorodumova et al., 2001; Dey and Dhal, 2019) (Fig. 1.1a). In the unit cell, 

every cerium atom is coordinated with eight oxygen anions with each oxygen tetrahedrally 

coordinated to the nearest four cerium atoms (Skorodumova et al., 2001; Dey and Dhal, 

2019). In contrast, Ce2O3 presents a typical A-type rare earth sesquioxide crystal structure 

(Bärnighausen and Schiller, 1985), more typical for the lanthanide series.  



Figure 1.1. Schematic representation showing a non-stoichiometric unit cell of 
CeONPs (a) and the CeONPs as octahedron (b). 
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2018). The models based in quantum calculations cited above have also established the 

increasing energy required to form an oxygen vacancy depending on the type of facet, 

resulting in (110)>(100)>(111) (Conesa, 1995; Yang et al., 2004; Hao et al., 2021). Typical 

nanocrystals of ceria are octahedra or truncated octahedra (Fig 1.1b). However, it is also 

possible to crystallize ceria in other shapes as nanocubes, nanospheres and even in 1D or 

2D structures by using surface capping agents, which blocks certain crystallographic growth 

direction, and/or by controlling synthesis parameters (Sun et al., 2012). The typical 

octahedral nanoparticle shows externally (111) as the major facet while the truncated 

octahedra presents (111) and (100). More prone to contain oxygen vacancies are the 

nanocubes. Ideally, these NPs are formed by six (100) surfaces but they can also be 

crystallized as truncated nanocubes or nanocubes with round edges which in addition 

expose (111) and (110) surfaces, respectively (Wang and Feng, 2003). 

Skorodumova et al. (2002) also showed by studying the formation energy of oxygen 

vacancies at different positions that it is more favorable to create these close to two Ce3+ 

atoms in the CeO2 matrix. Later quantum studies have thoroughly investigated the position 

of these vacancies within the surface, whether they aggregate or not and tested for the effect 

in the fluorite structure by turning Ce4+ to Ce3+. Electrons left by the oxygen, apparently do 

not localize on the nearest cerium atoms close to the vacancies, but on the next nearest 

cerium neighbors (Ganduglia-Pirovano et al., 2009; Shoko et al., 2010).  

1.4.2 Synthesis and coating 

Two main approaches exist for the synthesis of NPs: top-down or bottom-up procedures 

(Abid et al., 2022). The former consists in physical methods to decompose larger materials 

into NPs. Grinding, physical vapor deposition and chemical etching belong to this group (Fu 

et al., 2018). The bottom-up approach, in contrast, produces NPs from precursors and by 

controlling synthesis parameters such as pH, temperature and pressure. Some commonly 

used methods in this category are chemical precipitation, hydrothermal, sonochemical or 

green synthesis (Jamkhande et al., 2019). To a great extent, the synthesis determines the 

physical and chemical features of cerium oxide NPs (CeONPs) (Nyoka et al., 2020; Kontham 

et al., 2021).  

The most extended method to synthesize CeONPs in research is the chemical precipitation 

and the most frequently precursors used are cerium chloride heptahydrate or cerium 

nitrate hexahydrate in combination with ammonia solutions (Suresh et al., 2013; 

Kalashnikova et al., 2017; Thakur et al., 2019; Nosrati et al., 2023). Chemical industries offer 
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a great variety of ceria nanopowders for investigation. In this case, the synthesis process is 

not specified.  

As previously explained, most of the NPs are stabilized and further functionalized by adding 

a coating. In the case of CeONPs, it is also crucial to check that their redox properties are not 

altered by the coating. There are two main coating methods: one-step synthesis and 

functionalization process or two-step post-synthesis process (Spiridonov et al., 2023). In 

the former, low molecular weight ligands or polymers are added at the same time with the 

cerium precursors. In the second method, the coating materials are bound to the nanoceria 

surfaces after their synthesis. An advantage of this last method is that the 

effect/contribution of the coating to the CeONPs features can be more easily inferred (Lord 

et al., 2021).  

1.4.3 Characterization 

The interactions of NPs with biological media, in culture or in vivo, are driven by the nature 

of the NPs and the system. As it has been described in previous sections, the properties of 

NPs vary extraordinarily depending on the synthesis, the size, the form, the crystallography, 

the coating, the soft-corona, the ambient conditions etc. To succeed in the application of 

such NPs it is mandatory to characterize their particular physicochemical features in as 

much detail as possible. The challenge is usually the small size of the materials and, in the 

case of CeONPs, to quantify the ratio of Ce3+/Ce4+ and the oxygen vacancies. A practical 

limitation for most of the laboratories is the high cost of these techniques (acquisition and 

maintenance) and, in cases, their complex operability. Table 1.1 lists the methods and 

techniques that have been used to characterize CeONPs. 

1.4.4  Biomedical applications and toxicity of CeONPs 

The initial idea of using CeONPs as therapeutics arose from a serendipitous observation 

made by Professor Rzigalinski and co-workers when investigating CeONPs as drug carriers. 

They observed that CeONPs prolonged the life-span of brain cell cultures for periods of 6 to 

8 months (Rzigalinski, 2005). 
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Table 1.1. Tools for the characterization of CeONPs 

Method/ Technique  Physicochemical parameter analyzed 

I. Microscopy 

- Transmission Electron Microscopy 

(TEM) 

- High Resolution TEM 

 

- Scanning Electron Microscope 

- Scanning Transmission Electron 

Microscope (STEM) 

- Atomic Force Microscope 

- Confocal Laser Scanning 

Microscope (CLSM) 

 

Core size, shape, localization in cells, 

detection of NPs 

Single particle crystal structure, structural 

defects  

Size, morphology (three-dimensional) 

Atomic structures and interfaces, detection 

of NPs 

Size and morphology (three dimensional) 

Localization in biological systems 

II. X-Ray based 

- X-Ray Diffraction 

 

- Energy-Dispersive X-Ray 

spectroscopy (EDX) 

- X-Ray Absorption Spectroscopy 

 

Size, crystal structure, elemental 

composition 

Elemental composition 

 

Chemical oxidation-state of the species 

III. Spectroscopy /Spectrometry 

- Inductive Coupled Plasma Optical 

 Emission Spectroscopy (ICP-OES) 

- Inductive Coupled Plasma Mass 

Spectrometry (ICP-MS) 

- UV-Vis Spectroscopy 

- Fourier Transform Infrared 

Spectroscopy  

 

Elemental composition, concentration 

 

Elemental composition, concentration 

 

Optical properties, concentration 

Functional groups, surface composition 

(coating) 

IV. Others 

- Dynamic Light Scattering (DLS) 

- Electrical light Scattering (ELS) 

 

Size and size distribution in dispersion 

Surface charge (ζ-potential), colloidal 

stability 

The information for the elaboration of this table was obtained from Mourdikoudis et al. 
(2018); Modena et al. (2019) 
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ROS/RNS scavenging and nanozyme-mimicking behavior of CeONPs 

The reactive oxygen species (ROS) are generated as natural by-products of normal cell 

activity, including aerobic respiration. Members of this group are hydrogen peroxide (H2O2), 

superoxide anion (O2
 ∙− ) and hydroxyl radicals (OH-). H2O2 and O2

 ∙−  are also metabolites 

involved direct- or indirectly in cell signaling pathways and cell homeostasis (Pomatto and 

Davies, 2018). In hypoxic conditions, nitric oxide may also be produced during the 

respiratory chain reaction. This leads to the formation of reactive nitrogen species (RNS) 

(Sies et al., 2017). 

Healthy cells are able to regulate the presence of ROS in order to avoid oxidative stress, 

which may cause irreversible damages in proteins, lipids or DNA and finally lead to cell 

death (Schieber and Chandel, 2014). However, cells allow a controlled increase in ROS when 

adaptation is needed as these molecules activate signaling pathways and the immunological 

defense. A lack of such regulation has been linked to a myriad of pathologies (e.g. cancer, 

Alzheimer’s disease (AD), Parkinson disease (PD), diabetes) and to aging (Liguori et al., 

2018; Baev et al., 2022). Antioxidant enzymes and some non-enzymatic compounds are the 

endogenous mechanism to eliminate ROS in cells. The most relevant antioxidant enzymes 

are superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) (Sies et 

al., 2017) (Figure 1.2). Other antioxidants such as glutathione, uric acid, vitamin E, vitamin 

C or β- carotene also contribute to remove ROS from the cellular space (Pisoschi et al., 2021).  

In the past decade nanoceria have been reported to show SOD (Korsvik et al., 2007), CAT 

(Pirmohamed et al., 2010), peroxidase (Tian et al., 2015; Guo et al., 2019) and oxidase 

mimetic activities (Hayat et al., 2015; Singh, 2016). SOD mimic behavior was described first 

in nanoceria by Korsvik et al. (2007). The mechanism proposed behind the 

disproportionation of O2
 ∙−  by nanoceria was described as follows: 

Ce3+ + O2
 ∙− + 2H+ → Ce4++ H2O2  (equation 1) 

Ce4+ +  O2
 ∙− →  Ce3+ +  O2         (equation 2) 

Afterwards some follow-up experiments determined that a higher ratio of Ce3+/Ce4+ 

resulted in an enhanced SOD activity (Heckert et al., 2008; Singh et al., 2011). As previously 

described in this introduction, there is a negative correlation between the size and the 

presence of Ce3+ in nanoceria. Therefore, NPs larger than 5 nm show a reduced or inexistent 

SOD activity (Korsvik et al., 2007; Dowding et al., 2013). In addition, theoretical studies on 

the adsorption of oxygen on surface vacancies have concluded that the reduction of Ce4+ to 

Ce3+ by O2
 ∙−  (equation 2) is not feasible (Zhao et al., 2012). However, an interesting 



O2
 ∙− .

Figure 1.2. Schematic representation of ROS and RNS metabolism in mammalian cells

O2
•− 
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2Ce4+ + H2O2 →  2Ce3+ +  O2 + 2H+

2Ce3+ +  2H+ + H2O2 →  2Ce4+ +  2H2O
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Experimental observations showed that only Ce3+ gets oxidized and produce peroxide when 

scavenging  O2
 ∙−  (equation 2) and the disproportionation of H2O2 only occurs when Ce4+ gets 

reduced (equation 3). However, restoring the initial state of the nanoceria is required in 

both cases to show authentic enzymatic behavior and for making it an interesting ROS 

scavenger in biological systems. Initially, it could not be fully explained how nanoceria 

returns to its initial oxidation state and it was stated in the literature that nanoceria could 

recycle “spontaneously” via unexplained mechanisms (Das et al., 2007; Heckert et al., 2008). 

In 2011, Celardo and colleagues suggested a plausible mechanism for the redox 

regeneration of nanoceria based on the coupling of the reactions with O2
 ∙− and H2O2 

(equations 2 and 3). In this sense, when nanoceria reduces O2
 ∙− , H2O2 is formed and Ce3+ is 

oxidized to Ce4+ afterwards H2O2 can react together to regenerate Ce3+ and oxidize to O2. The 

same researchers also suggested as an alternative that H2O2 may also oxidize Ce3+ leading 

to Ce4+ and reducing H2O2 to H2O (Figure 1.3). 

The radical scavenging capacity of CeONPs has been further investigated and it was 

suggested that nanoceria could neutralize hydroxyl radicals too (Babu et al., 2007; Das et 

al., 2007). Hydroxyl radicals are characterized by their strong oxidant capacity, their high 

reactivity and an extremely short life time in aqueous solution. These characteristics 

hamper their investigation. Nevertheless, several studies have reported scavenging activity 

of hydroxyl radicals by CeONPs (Babu et al., 2007; Xue et al., 2011; Filippi et al., 2019; 

Mitchell et al., 2021). In addition, the research group of Self examined the ability of CeONPs 

to scavenge RNS. They demonstrated that CeONPs scavenge nitric oxide radical and 

accelerated the decay of peroxynitrite (Dowding et al., 2012; Dowding et al., 2013).  

Thus, the flip-flop of cerium between the different redox states provides a unique 

opportunity of scavenging ROS and nitrating agents and potentially an endless possibility 

of regenerating its antioxidant capability. Compared to natural enzymes that usually 

present one or two active sites, nanoceria possess a large number of active sites on the 

surface of a single nanoparticle. Moreover, nanoceria is more resistant to changes in 

temperature and pH in comparison to endogenous enzymes. However, CeONPs also present 

some important disadvantages in contrast to natural enzymes, as the lack of specificity 

towards a particular ROS or RNS species, their oxidase-like activity which may cause 

cytotoxicity under particular circumstances (see next section) or the dependency of its 

biological behavior on the surface defects and morphology (Lord et al., 2021). 

 



Figure 1.3. Schematic model of the flip-flop Ce3+/Ce4+.  

Pro-oxidant activity of CeONPs 

3,3′,5,5′

O2
 ∙−
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nanoceria by adding adenosine triphosphate, acetylcholinesterase and urease (Cheng et al., 

2016). 

 O2+ Ce3+(CeO2) →  O2
 ∙− +  Ce4+(CeO2)             (equation 5) 

It has been also suggested that in the presence of H2O2 and at acidic pH, CeONPs can produce 

hydroxyl radicals and O2
 ∙− in a reaction similar to Fenton/Haber-Weiss (Heckert et al., 

2008). The peroxidase like behavior of CeONPs has also been used for the detection of 

cancer biomarkers (Asati et al., 2011), glucose (Jiao et al., 2012) or phosphoproteins 

(Yıldırım et al., 2021). 

Biomedical research: in vitro and in vivo studies 

In 2005, Tarnuzzer and colleagues pioneered the application of CeONPs as therapeutics by 

demonstrating in an in vitro study that nanoceria protected healthy human breast cells but 

not a tumor cell line from radiation. Since then, CeONPs have been investigated in different 

in vitro and in vivo disease models, which mainly involved oxidative stress. Many authors 

have demonstrated the key role of oxidative stress in cancer (Reuter et al., 2010; Sosa et al., 

2013; Hayes et al., 2020). A beneficial effect of CeONPs has been demonstrated against 

cutaneous squamous (Alili et al., 2011), melanoma (Sack et al., 2014), ovarian (Giri et al., 

2013; Hijaz et al., 2016; Das et al., 2017), breast (Li et al., 2016), pancreatic (Wason and 

Zhao, 2013; Wason et al., 2018), colon (Jana et al., 2014) and hepatic (Fernández‐Varo et al., 

2020) cancers.  

Short-lived inflammation is a natural defense against pathogens and is intrinsically related 

to oxidative stress. ROS favors inflammation by activating the expression of 

proinflammatory genes (Reuter et al., 2010; Hussain et al., 2016).  

However, chronic inflammation is suggested to trigger pathologies such as diabetes, 

hypertension, cardiovascular disease, depression, neurodegenerative and autoimmune 

diseases or even cancer (Furman et al., 2019). Several authors have explored the anti-

inflammatory effect of CeONPs in different conditions reviewed by Corsi et al. (2023). 

Recently it has been demonstrated that ultra-small citric-acid coated CeONPs alleviate 

inflammation-induced edema (Kim et al., 2021) and that functionalized CeONPs mitigate the 

pro-inflammatory activity associate to the portal vein endothelium of cirrhotic rats (Ribera 

et al., 2019). 

Furthermore, CeONPs were the first nanomaterial to be tested as an antioxidant in space. 

The colloidal stability of nanoceria was investigated by the European Space Agency, and it 
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was proven to provide protection to muscle cells. The antioxidant capacity of CeONPs 

against the oxidative stress induced by microgravity conditions has also been tested in a 

later study in the International Space Station 

(https://www.esa.int/ESA_Multimedia/Images/2019/04/Nanoceria, accessed 

26.01.2024). 

Focusing now on brain-related studies, the positive effect of CeONPs have been especially 

relevant in vision diseases which involved neuronal dysfunction and degeneration (e.g. 

retinitis pigmentosa, aged-related macular degeneration) (Maccarone et al., 2020). In those 

conditions, oxidative stress have been also identified as a key factor (Nebbioso et al., 2022). 

Different in vivo studies showed a reduction in apoptotic cells in the retina and a reduction 

in microglial activation after a single intravitreal application of CeONPs (Fiorani et al., 2015; 

Wong et al., 2015). Based on these data, CeONPs have been suggested to be a new 

therapeutic approach to be tested in clinical trials to validate their benefit (Maccarone et al., 

2020). 

The scavenging properties of CeONPs have also contributed to alleviate neuronal toxicity 

caused by Aβ-induced ROS in Alzheimer´s disease (AD) models (Cimini et al., 2012; Dowding 

et al., 2014; Guan et al., 2016). Even an in vivo study reported that AD mice could restore 

neuronal cell viability and mitochondrial morphology and lower the expressions of 

astrocyte and microglia inflammatory markers after treatment with decorated CeONPs 

(Kwon et al., 2016). 

CeONPs have also been studied as an alternative therapy against amyotrophic lateral 

sclerosis (ALS) (DeCoteau et al., 2016). The researchers used a common mouse model of 

ALS where the transgenic animals overexpress a SOD1G93A mutation. After the onset of the 

symptoms, the animals were injected with CeONPs or saline. CeONPs treated animals 

preserved muscle function and increased longevity in comparison to the control group. 

In addition, it has been observed that a 10 nM dose of CeONPs improves the survival of 

neurons and blocks injury-induced aberrant glutamate signaling in vitro, when 

administered 1 h after a mild traumatic brain injury in rats (Bailey et al., 2020). Neuronal 

death and misfunction are usually linked to an increase in oxidative stress in a second phase 

of the brain injury (Rauchman et al., 2023). In the same study, researchers observed an 

improvement in the activity of endogenous antioxidants (SOD, CAT and GSH) in animals 

treated with nanoceria in comparison to animals treated with saline.  
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Despite the presented evidence of the antioxidative power of CeONPs in vivo and their 

potential use as therapeutics, this line of research still lacks of systemization and 

unequivocal characterization of the conditions under which these positive effects occur in 

biological system (Heckman et al., 2020). However, some references in the literature 

describe also negative effects of CeONPs in vitro and in vivo (Hussain et al., 2012; Mittal and 

Pandey, 2014; Yokel et al., 2014).  Therefore, an exhaustive study of CeONPs behaviors in 

biological systems remains a challenge for its further translation into clinical practice. 

Commercial applications 

The current biomedical applications of CeONPs are still under study and no commercial 

formulation has been approved by any regulatory agency. However, it is to remark that their 

potential is outstanding against the pathologies cited above i.e. cancer, stroke, 

neurodegenerative illnesses (AD, ALS or retinal diseases)(Huang et al., 2023). Different in 

vivo studies have also found promising results of CeONPs against liver inflammation, hepatic 

ischemia, sepsis, acute kidney injury, radiation-induced tissue damage, obesity and 

constipation (reviewed in Stephen Inbaraj and Chen (2020)).  

In contrast to biomedicine, a type of application of CeONPs that has generated several 

commercial patents has been the development of different type of sensors for biomolecules. 

Due to its characteristics, CeONPs are used to detect H2O2 in concentrations as low as 5 µM 

(Zhang et al., 2012) or glucose with a detection limit of 0.5 mM and linear range up to 100 

mM and being reusable for at least ten consecutive cycles (Jiao et al., 2012). Nanoceria-

based immunoassays have also been explored and developed (Tian et al., 2015; Peng et al., 

2016). 

Exposure and Toxicity 

Currently the most common source of exposure to CeONPs is the emission of diesel engines, 

which use CeONPs as diesel fuel additive to reduce the generation of particulate matter 

(Zhang et al., 2013; Dale et al., 2017). In 2017, Dale and colleagues roughly estimated a 

world-wide yearly emission of 70 million metric tons of cerium into the atmosphere. 

Despite the exposition in daily- life to CeONPs is steadily increasing, there is a general gap 

of knowledge about their potential adverse effects. Investigations about the fate of CeONPs, 

their impact in human health and on different ecosystems must be urgently addressed. In 

fact, cerium is a xenobiotic and therefore there are no known natural clearance pathways. 

This implies that exposure to nanoceria could lead to accumulation and finally to systemic 

toxicity.  
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Regarding the potential long-term toxicity caused by a chronic exposition to CeONPs, results 

and data are scarce. A comprehensive 2-year combined study, assessed the genotoxicity in 

rat blood cells upon 3- or 6- months inhalation exposure to CeONPs (Cordelli et al., 2017). 

The data showed that CeONPs did not elicit changes in the DNA, gene or chromosome levels. 

However, contradictory studies have been published too. For example, Schwotzer et al. 

(2018) found that Wistar rats who inhaled CeONPs for 28 or 90 days, showed an increase 

in oxidative stress mediators in alveolar epithelial cells and, to a minor extend, in liver and 

kidneys.   

At systemic level, there is a unanimous agreement that nanoceria, as almost all other NMs, 

ends up passively accumulating in the liver and the spleen (90% of the dose administered), 

followed by the kidneys (9%) (Casals et al., 2020). Some researchers have concluded that a 

further dissolution and bioprocessing of CeONPs takes place, observing a reduction in size 

of the NPs after 90 days of residence in the liver (Muhammad et al., 2014). The elimination 

of CeONPs via feces or urine has also been detected but mostly for orally administered 

CeONPs (Molina et al., 2014). 

Several in vitro studies have concluded that CeONPs are mostly non-cytotoxic although the 

outcome seems to be particle-, concentration- and cell-dependent (Fisichella et al., 2014; 

Urner et al., 2014; Forest et al., 2017). The internalization and subcellular localization of 

CeONPs seem to be determine their toxicity. It has been reported that when nanoceria is 

localized in the cytoplasm, it does not cause toxicity while its allocation in lysosomes involve 

a significant decrease in cell viability (Asati et al., 2010; Li et al., 2018) 

1.5 Brain cells 

‘‘Men ought to know that from nothing else but the brain come joys, delights, laughter and 

sports, and sorrows, grieves, despondency, and lamentations. And by this, in an especial 

manner, we acquire wisdom and knowledge, and see and hear, and know what are foul and 

what are fair, what are bad and what are good, what are sweet, and what unsavory; some we 

discriminate by habit, and some we perceive by their utility’’ (Hippocrates of Kos).  

Hippocrates is acknowledged as the “Father of medicine” and was a pioneer in the field of 

neuroscience. The Greek identified the brain as the organ which integrates and process 

sensory information coming from the environment and starts body-wide responses via 

neurotransmitters or synapses (Arendt et al., 2008; Breitenfeld et al., 2014). But the brain 

is also the organ, at least in humans, which is responsible of higher cognitive abilities as for 
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example autobiographical memory, symbolic and logical thought, self-reflection, long-term 

planning ability, creativity or ethical beliefs (Sousa et al., 2017).  

At cytological level, the brain is formed by two major types of cells: neurons and glial cells 

(Araque and Navarrete, 2010) (Figure 1.4). Neurons are characterized by their ability to 

exert action potentials which are rapid electrical signals used to transmit information 

through a network. Neuronal communication involves the propagation of the action 

potential through axonal processes, the depolarization of the presynaptic terminal followed 

by the release of neurotransmitters, which reach the receptors on the postsynaptic 

membrane of other neuron provoking a new spike in this receptor neuron to transmit the 

information further or inhibit the impulse (Kandel et al., 2000). Any other cell in the brain 

lacking the ability to produce spikes is considered glia (Araque and Navarrete, 2010). In 

1827, Virchow defined glial cells as the Zwissenmasse or the glue, which keep the neurons 

together.  

 

Figure 1.4. Schematic representation of major cell types and their interaction in 
mammal brain. 

Nowadays, different types of glial cells have been identified. In mammals, glial cells 

comprise four major classes of cells: ependymal cells, microglia, oligodendrocytes and 

astrocytes (Allen and Barres, 2009). Glial cells contribute to many fundamental functions as 
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for example protection against damage and infection, insulation of axons to accelerate the 

electrical impulses, support for neurotransmission and maintenance of homeostasis in the 

brain (Verkhratsky and Nedergaard, 2018). 

As astrocytes and cell line commonly utilized as a model for astrocytes (i.e. C6 glioma cells) 

are the models employed for the investigation presented in this thesis, their properties and 

functions are described in greater detail in the following sections. 

1.5.1 Astrocytes 

The term astrocyte derives from the Greek astron “star” and kytos “hollow vessel” (later, 

“cell”) and evokes a cell with a stellate shape. This term was assumed by observing the 

characteristic morphology of some eye-catching subclass of astrocytes (Verkhratsky and 

Nedergaard, 2018). Astroglia refers to many different cell subpopulations differing in their 

morphology and function (Matyash and Kettenmann, 2010). A major distinction can be 

established between protoplasmic astrocytes present in the grey matter of the brain and 

fibrous astrocytes located in the white matter (Miller and Raff, 1984; Köhler et al., 2021; 

Köhler et al., 2023). Protoplasmic astrocytes present way more contacts at synapses (e.g. 

one single human protoplasmic astrocyte can contact up to 2 million neurons) (Oberheim 

et al., 2006), an enhanced glutamate metabolism (Köhler et al., 2023), and more intense gap 

junction coupling  in comparison to fibrous astrocytes (Köhler et al., 2021). These 

differences correlate with the different functions of the grey and white matter within the 

brain and also with the region-specificity shown by different astrocyte types, which in turn 

also impact the neurogenesis (Köhler et al., 2021). However, two common hallmarks of 

astrocytes can be pointed out: their neuroepithelial origin and their role in the regulation of 

the central nervous system (CNS) homeostasis (Verkhratsky and Nedergaard, 2018). A 

universal marker of astroglia based on genetic expression or on morphology is still lacking. 

However, the intermediate filament glial fibrillary acidic protein (GFAP) (Fig. 1.5) seems to 

be predominant- and extensively expressed by astroglia cells in the CNS even though not all 

astrocytes are positive to this marker (e.g. astroglia cells in the striatum or tectum of 

humans) and other brain cells have also been seen to possess detectable levels of GFAP (e. 

g. Schwann cells, neurogenic stem cells of the sub-granular zone in the hippocampus) 

(Messing and Brenner, 2020). 
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Figure 1.5. GFAP-expression in a representative astrocyte-rich primary culture used 
in the present thesis. Cultured astrocytes were washed twice with cold phosphate-
buffered saline, fixed with 3.5% (w/v) paraformaldehyde and stained as previously 
described by Stapelfeldt et al. (2017) for α-tubulin (green) by using a mouse anti- α-tubulin 
antibody (clone DM1A) from Sigma-Aldrich (Steinheim, Germany) and Cy2-conjugated goat 
anti-mouse antibody form Jackson ImmunoResearch (West Grove, Pennsylvania, USA). The 
nuclei were stained with DAPI (blue). 

Main functions of astrocytes 

Astrocytes are considered major regulators within the CNS as they control the import and 

export of substances from plasma, the neurotransmitter and ion homeostasis, the brain pH 

and at great extent the presence of ROS (Verkhratsky and Nedergaard, 2018). Astrocytes 

interact among themselves, with neurons, microglia, and pericytes but also with brain blood 

vessel cells (Figure 1.4). The connection between astrocytes and the blood brain barrier 

(BBB) was early discovered by Camillo Golgi (Golgi, 1870; da Fano, 1926). Protoplasmic 

astrocytes project at least one process, their endfoot, towards nearby blood vessels (Köhler 

et al., 2021). Brain microvessels are almost completely covered by the endfeet of astrocytes 

(Mathiisen et al., 2010), which regulate the BBB function by releasing different factors, such 

as vascular endothelial growth factors, metalloproteinases, nitric oxide or sonic hedgehog 

proteins (Michinaga and Koyama, 2019). Moreover, compelling evidence suggests an active 

role of astrocytes in functional hyperemia. This local increase in blood flow triggered by 

neuronal firing has been linked to a release of metabolites derived from arachidonic acid 

from the endfeet of astrocytes under certain conditions (Nippert et al., 2018). Whether their 

endfeet are part of the physical barrier in the BBB is still under debate (Heithoff et al., 2021). 

However, ablation of endfeet in microvessels of the mice brain, did not impair the BBB 
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function but led to a re-cover of the vessels by other astrocytes within few days, indicating 

an important role of such connections in CNS maintenance (Kubotera et al., 2019). Thus, 

astrocytes control the import and export of substances into the brain as they constitute the 

first parenchymal brain cell type, which encounters and collects the compounds from the 

circulating plasma, including energetic and metabolic substrates and drugs (Verkhratsky et 

al., 2015). 

Astrocytes are also indispensable in brain signal cascading. Astrocyte membranes express 

a large amount and variety of neurotransporters allowing them to take up 

neurotransmitters from the synaptic cleft. This function is crucial to maintain the spatial 

and temporal encoding of synaptic transmission and to avoid neuronal toxicity (Andersen 

and Schousboe, 2023). Neurotransmitters as glutamate, gamma-aminobutyric acid (GABA), 

adenosine and norepinephrine are taken up and recycled by astrocytes from the synaptic 

cleft (Andersen and Schousboe, 2023). The three-part role of astrocytes in the particular 

case of glutamate homeostasis is remarkable. First, astrocytes take up about 80% of 

glutamate released during neuron synapses modulating its timing, efficacy and outcome 

(Cuellar-Santoyo et al., 2023). Second, astrocytes are the only cells in the CNS, which 

synthesize glutamate from glucose and are also capable of converting glutamate into 

glutamine, which is the precursor in excitatory neurons of glutamate (Mahmoud et al., 

2019). Third, glutamine and glutamate are shuttled to excitatory and inhibitory neurons 

from astrocytes, respectively (Hertz et al., 1999; Andersen and Schousboe, 2023). The 

former use glutamine to synthesize glutamate, which produce excitatory impulses while the 

glutamate is further converted into GABA in the cytoplasm of the presynaptic neuron. 

Therefore, the astroglial glutamine-glutamate shuttle is essential for the maintenance of 

excitatory and inhibitory neurotransmission (Verkhratsky et al., 2015; Verkhratsky and 

Nedergaard, 2018; Andersen and Schousboe, 2023; Cuellar-Santoyo et al., 2023). 

Furthermore, astrocytes are involved in the synaptogenesis (Shan et al., 2021), synaptic 

maturation and pruning (Bosworth and Allen, 2017). 

Astrocytes also significantly influence brain metabolism by exporting an important 

energetic substrate to the extracellular space: lactate (for more details, see section below) 

(Mason, 2017; Magistretti and Allaman, 2018). Additionally, glucose can also follow an 

alternative path and be stored as glycogen by astroglia, being the only brain cell able to store 

glycogen (Magistretti and Allaman, 2018). 

The importance of astrocytes within the CNS is also demonstrated by the correlation 

between astrocytic aberrations or malfunctioning and different neurological disorders and 
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neurodegenerative diseases as AD, PD and multiple sclerosis (Phatnani and Maniatis, 2015; 

Li et al., 2019) and more specifically in Alexander’s disease, which is characterized by an 

accumulation of GFAP (Olabarria and Goldman, 2017; Saito et al., 2018). 

Glucose metabolism and lactate release in astrocytes 

Glucose has been established as the preferential and primordial energy substrate for the 

mammalian brain. In humans, it has been estimated that although the brain accounts for 

only 2% of the total body mass, it consumes around 20% of the intake of glucose, which is 

equivalent to approximately 100-150 g of glucose per day (Mergenthaler et al., 2013; 

Patching, 2017). The glucose catabolism provides the energy required for brain activities 

and the building blocks for neurotransmitter synthesis. The transfer of glucose from the 

blood stream to the brain occurs at the BBB, following a decreasing concentration gradient 

(Qutub and Hunt, 2005; Harris et al., 2023). Under normal physiological conditions, the 

concentration of glucose in the blood oscillates between 4-6 mM while in the brain it drops 

to 1-2 mM. Therefore, glucose molecules migrate through the basal membrane to the 

interstitial fluid in the brain and then, are taken up by mainly astrocytes, neurons and 

microglia (Patching, 2017). This transport of glucose requires specialized sodium- 

independent facilitative glucose transporters (GLUT) as glucose cannot just diffuse via tight 

junctions (Koepsell, 2020). 

GLUT is present in the brain in different isoforms (i.e. hexoses transporters with different 

expression, substrate specificity and kinetics) (Thorens and Mueckler, 2010; Suades et al., 

2023). Astrocytes predominantly express the GLUT1 isoform however, GLUT4 and GLUT7 

are also present (Patching, 2017). GLUT1 transports the glucose to the cytosol of astrocytes, 

which subsequently undergoes rapid and irreversible phosphorylation to glucose-6-

phosphate (Glc-6-P) catalyzed by hexokinase I (da Mata et al., 2023). Glc-6-P can have 

different metabolic fates within the astrocytes as it constitutes the common substrate for 

glycolysis, glycogenesis, pentose phosphate pathway (PPP) or sorbitol synthesis 

(Mergenthaler et al., 2013).  

Glycogenesis, the transformation by which glucose is stored as glycogen, is performed 

under conditions where there is an excess in glucose in comparison to the demand in 

astrocytes (Dienel and Cruz, 2015). This glycogen can be mobilized to fuel the astrocyte, 

which initially stored it, or to other astrocytes coupled through gap-junction via oxidative 

metabolism (Walls et al., 2009), to be converted into lactate, which is generated via 

glycolysis and serves as an alternative substrate for neurons or astrocytes (Dringen et al., 
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1993; Matsui et al., 2017) or can be used as precursor for the glutamate synthesis and 

contribute to memory consolidation (Gibbs et al., 2007; Gibbs and Hutchinson, 2012). 

Another possible fate of Glc-6P in astrocytes is to enter the PPP to regenerate nicotinamide 

adenine dinucleotide phosphate and produce some lactate (Dringen et al., 2007; Bouzier-

Sore and Bolaños, 2015; Bolaños, 2016). 

Depending on the metabolic demands of the cells, Glc-6-P can be metabolized down the 

glycolytic pathway to generate pyruvate that might be transported to the mitochondria to 

enter the tricarboxylic acid cycle (TCA) or can be reduced by LDH5 into lactate (Wiesinger 

et al., 1997). Importantly, the production of lactate via glycolysis yields little adenosine-5´-

triphosphate (ATP) molecules but it confers an advantage when a fast energy demand is 

required at subcellular level or under hypoxic conditions. Lactate will then be released to 

the extracellular space via MCT1 or 4 (Debernardi et al., 2003; Pierre and Pellerin, 2005).  

The role of lactate release by astrocytes continues to be a hot topic in astrocyte and neuron 

metabolism (Patel et al., 2014; Barros and Weber, 2018; Barros and Weber, 2018). 

Accumulating evidence led Pellerin and Magistretti to enunciate the Astrocyte Neuron 

Lactate Shuttle (ANLS) hypothesis in 1994. These researchers observed that the increase in 

glutamate release due to an increased excitatory activity of the neurons induced an up-

regulation of the glycolytic flux of astrocytes, i.e. glucose consumption and lactate release. 

These authors postulated that if additional glucose is used up by astrocytes, neurons may 

receive a metabolic intermediate to complement their own energy demand from astrocytes 

(Fig. 1.6), and in line with the ANLS, lactate is a reasonable candidate. Neurons express 

MCT2 and thus, are able to take up lactate from the extracellular space, which can then be 

oxidized to pyruvate by LDH1 (Barros and Deitmer, 2010; Magistretti and Allaman, 2018). 

Subsequently, pyruvate can enter the mitochondria in neurons and be oxidized to provide 

energy via respiration. Over the years, many researchers have found further arguments to 

support the role of lactate release as an astrocytic contribution to neuron metabolism 

during activation. For example, several authors have observed a faster glucose consumption 

by astrocytes than by neighboring neurons during intense neuronal activity (Barros et al., 

2009; Chuquet et al., 2010; Jakoby et al., 2014). These results also correlate with the greater 

presence of nicotinamide adenine dinucleotide (NADH/NAD+) in the cytosol of astrocytes 

than in neurons (Mongeon et al., 2016). Other experiments in which MCTs functions were 

impaired genetically or pharmacologically reported alterations in neuronal function and 

viability, and could not be rescued by supplementing with extracellular lactate, thereby 

demonstrating that neurons need access to lactate for their proper working (Barros and 
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Weber (2018) and references therein). In addition, it has been argued that the lactate 

shuttle from astrocytes to neurons is analog to the one taking place in the testis between 

Sertoli cells and germ cells, which use lactate as primordial energy substrate (Boussouar 

and Benahmed, 2004).  

Since the ANLS hypothesis was proposed, several researchers have also expressed their 

doubts based on scientific findings, which do not fit into this general hypothesis (Chih et al., 

2001; Díaz-García et al., 2017; Dienel, 2017). Díaz‐García and Yellen (2019) postulate that 

excited neurons mainly oxidize glucose and perform glycolysis themselves to overcome the 

increased energetic demand, implying they do not consume astrocytic lactate during 

activation. The researchers based this change of paradigm on the increase in cytosolic NADH 

and maintenance of intracellular lactate level in activated neurons, which were previously 

treated with MCT inhibitors as showed in their lab. 

Independently of the debate about the occurrence and meaning of the interchange of lactate 

between astrocytes and neurons, astrocytes in vivo and in vitro are considered as naturally 

glycolytic cells, as most of glucose taken up is transformed into lactate (Lopez-Fabuel et al., 

2016). Moreover, it has been described that respiration-deficient astrocytes survived based 

on glycolysis for over a year (Supplie et al., 2017)  In fact, the activity of pyruvate 

dehydrogenase is more strongly inhibited by phosphorylation in cultured astrocytes than 

in neurons (Halim et al., 2010). Since pyruvate dehydrogenase regulates the entry of 

pyruvate into TCA, this finding has been suggested as a reason why astrocytes are more 

prone to produce lactate (Halim et al., 2010; Zhang et al., 2014). However, most enzymes 

involved in the TCA cycle are found in higher activities in astrocytes than in neurons and 

mitochondria are thoroughly present specially in fine astrocytic processes at the synapses 

(Rose et al., 2020). 



 

Figure 1.6. Schematic representation of metabolic interaction of astrocytes and 
neurons. 
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main allosteric activator of PFK1 (Gonçalves et al., 2019). Interestingly, this enzyme is 

thoroughly expressed in astrocytes while it is constantly degraded in neurons (Herrero-

Mendez et al., 2009). 

PK participates in the last step of glycolysis mediating the conversion of 

phosphoenolpyruvate to pyruvate. The PKM2 isoform is highly expressed in astrocytes 

besides cancer and embryonic cells and contrary to differentiated neurons (Lee et al., 2022). 

Importantly, PKM2, in its dimer form, also functions as a transcriptional activator and can 

bind the transcriptional hypoxia inducible factor (Hif-1α), stabilizing it in the nucleus, and 

activating further transcription of pro-glycolytic genes including lactate-producing LDHA 

and GLUT1 or even PKM2 (Wang et al., 2014). Such activation has been observed under 

hypoxic conditions, where the glycolysis requires to be enhanced for survival and can in 

extreme conditions promote Warburg effect but also under normoxic environments, when 

some disruptors are present. An oxygen-independent mechanism of Hif-1α stabilization has 

therefore been described and is termed pseudohypoxia. Anyhow, as a result, lactate, the 

final product of normoxic glycolysis, re-enhances glycolysis by stabilization of Hif-1α (Wang 

et al., 2014; Lee, 2021). 

Oxidative stress in astrocytes 

Oxygen is an indispensable element to sustain the high-energy demand of the brain. It has 

been calculated that the 20% of total inhaled oxygen is used up by this organ in oxidative 

metabolism (Bolaños, 2016). As a consequence of this high oxygen consumption, brain cells 

generate a high amount of ROS. ROS damage nucleic acids, lipids and produce degradation 

of proteins and enzymes, when they are not readily scavenged by the endogenous 

antioxidant system of the cells (Schieber and Chandel, 2014). Astrocytes possess a potent 

antioxidative system from which even neighboring cells, including neurons, benefit. This 

system is highly efficient against oxidative stress, and therefore, protects neuronal function 

and contributes significantly to brain homeostasis (Dringen et al., 2015).  

A key component in the antioxidative system of astrocytes is glutathione (GSH, γ-L-

glutamyl-L-cysteinyl glycine), which is found in their cytosol in millimolar concentrations 

(Dringen et al., 2015). In this sense, GSH participates in three major detoxification 

processes: (i) direct reactions with radicals such as O2
 ∙−  or OH- without enzymatic 

involvement, (ii) as electron donor for the reduction of H2O2 or organic peroxides in 

reactions catalyzed by GPx or (iii) as a cofactor in the detoxification of formaldehyde and 
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methylglyoxal. Importantly, astrocytes provide neurons with a cysteine precursor (CysGly) 

to enable neuronal synthesis of GSH (Dringen, 2000). 

The enzymatic antioxidant system of astrocytes includes other relevant enzymes besides 

GPx, such as SOD, CAT, peroxidases, and drug metabolizing enzymes as for example the 

NAD(P)H: quinone acceptor oxidoreductase 1 (NQO1) (Chen et al., 2020). NQO1 is a quinone 

reductase, mainly expressed in the cytosol and highly inducible when cellular adaptation to 

stress is needed. NQO1 can be efficiently inhibited by the anticoagulant dicoumarol and by 

other anti-cancer drugs (Pey et al., 2019). Several important functions have been reported 

but its efficiency at catalyzing the two-electron mediated reduction of quinone to 

hydroquinone is the best characterized (Ross and Siegel, 2017). This reduction of quinones 

to their respective hydroquinone prevents the formation of semiquinone radicals, which 

effects include redox cycling and oxidative stress (Ross et al., 1993; Rooseboom et al., 2004). 

However, there are cases where the instability of the generated hydroquinone leads to an 

enhancement of the cellular oxidative stress. This is the case of the reduction of β-lapachone 

by NQO1, which results in the formation of β -lapachol. β-lapachol is not chemical stable and 

auto-oxidizes back to β-lapachone with the formation of superoxide (Silvers et al., 2017; 

Steinmeier et al., 2020). Remarkably, this toxic activation seems to be the explanation to the 

beneficial effects observed after administration of β-lapachone in cancer studies. An 

extremely high expression of NQO1 in certain cancer lines and therefore, treatment with β-

lapachone produces a severe oxidative stress in cancer cells, which finally leads to a 

reduction of the tumor (Kung et al., 2014; Li et al., 2014). 

Recently, Dringen’s group has demonstrated that the application of micromolar 

concentrations of β-lapachone to cultured astrocytes also induces severe oxidative stress 

and suggested this experimental setup for the study of acute oxidative stress in APCs 

(Steinmeier et al., 2020; Watermann and Dringen, 2023). With the results presented in this 

thesis, we aim at gaining insight into the ROS scavenging activity of CeONPs in astrocytes 

under oxidative stress conditions. 

1.5.2 Glioma-cells 

The C6 glioma cell-line is a rat tumor cell-line, which has been generated by exposition of 

rats to N-nitrosomethylurea (Benda et al., 1968). This tumor cell-line is characterized by a 

typical spindle-like morphology in culture, variably shaped nuclei and rapid proliferation 

(Giakoumettis et al., 2018) . C6 glioma cells are widely used as models for brain glioma cells 

(Grobben et al., 2002; Giakoumettis et al., 2018). Moreover, they are also used as an 
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astrocyte model system as they share common hallmarks as the expression of the astrocytic 

markers GFAP and S100B (although expressed in low amounts) and glutamine synthetase 

(Galland et al., 2019). The C6 glioma cell-line has been previously employed to assess NPs 

toxicity in glial cells (Joshi et al., 2019) and specifically to study their interaction with NPs 

(Joshi et al., 2016; Rastedt et al., 2017; Joshi et al., 2019). 

The major disadvantage of using tumor cells is the uncontrolled presence of genetic 

aberrations, the altered metabolism and the miscommunication with other cells in 

comparison to healthy cells (Saeidnia et al., 2015). However, the establishment and 

maintenance of the cultures save an important amount of time, manpower and money. 

Besides, they offer more comparable results among different research groups as the 

cultures are homogeneous and well standardized (Zhao, 2023) . 

1.5.3 Cell cultures as model systems for glial cells 

Astrocyte primary cultures (APCs) constitute an isolated system to study these cells in their 

physiological and pathological states. Such cultures are enriched with astroglia cells versus 

other brain cells as confirmed by the immunostaining for GFAP. However, a reduced 

number of microglia, oligodendrocytes and neurons are usually present (Hamprecht and 

Löffler, 1985; Lange et al., 2012; Tulpule et al., 2014). Cultured astrocytes are most 

commonly prepared from brain tissue of newborn mice or rats (Hamprecht and Löffler, 

1985; Tulpule et al., 2014) and grown until reaching confluence. In contrast, C6 glioma cell 

cultures are exclusively composed of one type of cells and duplicates their cell number 

within a day (Joshi et al., 2016) (Fig. 1.7). 

Primary cultures as well as immortalized cell lines are a common and successful tool used 

to increase the knowledge about the individual functions, metabolism or physiology of the 

respective cells (Segeritz and Vallier, 2017) (Fig. 1.7). However, as the connection with 

other cell types are depleted, and therefore there are no modulating effects of neighboring 

cells, the results obtained reflect their individual biology. They represent a simplification of 

the system, which is required to gain knowledge about the individual impact of a treatment 

and to foresee the possible outcome in the whole system. Nevertheless, it is worthy to keep 

in mind that in vitro results obtained in cell culture models cannot be directly translated 

into in vivo systems (Lange et al., 2012) 



Figure 1.7 Phase-contrast images of a representative C6 glioma and APCs culture 
used in the presented thesis.

 

in 

vitro in vivo 
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To investigate the ability of CeONPs to scavenge ROS CeONPs in glial cells, in a first 

approach, a new functionalization of CeONPs with DMSA coating will be optimized. This 

coating will enable the fluorescent labeling of the NPs with Oregon Green dye (OG), allowing 

microscopic studies of their uptake and intracellular fate. Physicochemical properties, such 

as size, shape, and surface charge, will be characterized for DMSA-CeONPs and OG-DMSA-

CeONPs, and compared to uncoated CeONPs. Time- and concentration-dependent studies 

will be conducted in C6 glioma cells and APCs to examine the biocompatibility of the new 

branded CeONPs. In this regard, experiments will be conducted to observe the uptake over 

time. The accumulation of intracellular cerium will also be determined after exploring the 

suitability of an ICP-OES method, which may reduce the per-sample analysis cost and the 

duration of the analysis compared to other techniques (e.g. ICP-MS or CLSM). 

Subsequently, the effect of DMSA-CeONPs on the metabolism of APCs will be analyzed, with 

a particular emphasis on their glycolytic flux. Various exposure scenarios will be 

investigated, encompassing potential long-term effects once DMSA-CeONPs have been 

rinsed out. Comparative examinations will be carried out to differentiate the effects of 

exposing cultured astrocytes to nanoparticulate or ionic cerium (namely, CeCl3 and 

Ce(SO4)2). Furthermore, mechanism of the cerium-induced alterations on the glucose 

metabolism of cultured astrocytes will be elucidated. 

Lastly, the ability of DMSA-CeONPs to scavenge ROS will be investigated. To determine 

whether DMSA-CeONPs efficiently scavenge extracellular ROS, glial cells will be exposed to 

exogenous H2O2 or endogenous superoxide in the presence or absence of DMSA-CeONPs. 

and compared to the scavenging activity presented by ionic cerium, native catalase or 

superoxidase under identical conditions. It will be determined whether pre-incubation with 

DMSA-CeONPs improves protection against oxidative stress. 
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2 Experimental Results 

 

2.1 Coating, functionalization and characterization of cerium 

oxide nanoparticles to study cellular accumulation and 

biocompatibility in astrocyte primary cultures and C6 

glioma cells. 
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Abstract 

The synthesis of functionalized cerium oxide nanoparticles (CeONPs) suitable for 

biomedical investigations remains one of the major challenges in this field. In this chapter, 

the functionalization of CeONPs with dimercaptosuccinate (DMSA) as a coating material is 

investigated. Dispersed in H2O, the DMSA-CeONPs generated had a hydrodynamic diameter 

of 112 ± 4.5 nm, a negative zeta potential (-27.2 mV), and remained stable for up to 30 days. 

In addition, DMSA-CeONPs also allowed fluorescent labelling by covalent binding of Oregon 

Green (OG). The size of the fluorescent OG-DMSA-CeONPs were not significantly different 

from those of DMSA-CeONPs, as analyzed by transmission electron microscopy (TEM) (~ 

25 nm). In vitro incubation of C6 glioma cells and astrocyte primary cultures (APCs) with 

10, 100 or 1000 µM DMSA-CeONPs or OG-DMSA-CeONPs for 72 h did not compromise 

membrane integrity, as demonstrated by the quantification of lactate dehydrogenase (LDH) 

activity and by propidium iodide (PI) staining of the cells. Fluorescence microscopy uptake 

studies of the OG-DMSA-CeONPs in C6 glioma cells and APCs at 37°C revealed intracellular 

dots of fluorescent staining, which were detectable after 15 min incubation and increased 

in intensity with time. In contrast, after incubation at 4°C with OG-DMSA-CeONPs, a reduced 

and diffuse fluorescent background was obtained, suggesting that active transport is 

required for the internalization of CeONPs. Quantification of cellular cerium content by 

inductively coupled plasma optical emission spectrometry (ICP-OES) confirmed that 

incubations at 37°C resulted in a higher cellular content of cerium compared to 4°C 

incubations. These data demonstrate that DMSA-CeONPs are biocompatible with cultured 

glial cells. In addition, it was shown that C6 glioma cells and APCs efficiently accumulate 

DMSA-CeONPs in a time- and concentration-dependent manner by a mechanism which is 

strongly affected by temperature.  
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Introduction 

Ageing, cancer and neurodegenerative diseases e.g. Alzheimer’s disease (AD), Parkinson’s 

disease (PD) and Huntington disease have driven the scientific research in biomedicine 

during the latest years (Naz et al., 2017). As a consequence, the search and development of 

new compounds that cure or mitigate the onset of oxidative stress associated to these 

pathologies have experienced a great impulse (Gulcin, 2020; Baschieri and Amorati, 2021; 

Parcheta et al., 2021). In this context, CeONPs have stood out due to their physicochemical 

properties and the results obtained in pioneering pre-clinical studies in the field of 

biomedicine (Alili et al., 2011; Giri et al., 2013; Wason and Zhao, 2013; Jana et al., 2014; Sack 

et al., 2014; Hijaz et al., 2016; Li et al., 2016; Das et al., 2017; Wason et al., 2018; Fernández‐

Varo et al., 2020).  

CeONPs are currently considered as nanozymes with a solid therapeutic potential due to 

their ability to scavenge reactive oxygen species (ROS) in biological systems under certain 

conditions (Wei and Wang, 2013; Wu et al., 2019; Singh et al., 2021). Ultimately, the ratio 

Ce3+/Ce4+ present on the surface, intrinsically associated with their enhanced oxygen 

storage capacity, facilitates the neutralization of ROS in the cytosol (Rzigalinski et al., 2017). 

It has been demonstrated that a higher presence of Ce3+ favors superoxide dismutase mimic 

activity while a predominance of Ce4+ leads to catalase-like behavior (Heckert et al., 2008; 

Pirmohamed et al., 2010; Singh et al., 2011). This Ce3+/Ce4+ ratio strongly depends on the 

physicochemical characteristics of the CeONPs (Skorodumova et al., 2002; Kullgren et al., 

2013), especially on their size (Korsvik et al., 2007; Dowding et al., 2013; Li et al., 2015). 

Hard and soft corona coatings of the surfaces of CeONPs are also a determinant factor for 

the catalytic properties exhibited by CeONPs (Estevez and Erlichman, 2014). Moreover, the 

interaction between the coating and the medium constitutes a bottleneck for the colloidal 

stability of the CeONPs and therefore, for their ulterior fate. Phenomena such as 

agglomeration, aggregation, sedimentation and dissolution might decrease or even prevent 

the uptake of CeONPs in different cell lines (Ju et al., 2020) and also in vivo (Rzigalinski et 

al., 2017). Many types of CeONPs are commercially available and cover a wide range of 

shapes, sizes and compositions; however, not all of them seem to be suitable for the 

investigation in biological systems. Subsequently, the dispersion process and medium and 

the coating have to be individually designed and characterized to optimize their fate and 

behavior with biomedical purposes (Casals et al., 2020). Hence, in this study we investigate, 

for the first time, a method to functionalize CeONPs with dimercarptosuccinic acid (DMSA), 
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based on previous results obtained with iron oxide and copper oxide NPs (Geppert et al., 

2011; Bulcke et al., 2014; Joshi et al., 2016; Rastedt et al., 2017). 

The brain possesses an energetically demanding metabolism, that consumes about twenty 

percent of the total inhaled oxygen (Mink et al., 1981; Bolaños, 2016) and therefore, is 

associated with a relative elevated production of ROS (Sies et al., 2017; Bylicky et al., 2018). 

In addition, in several neurodegenerative diseases, an enhanced presence of ROS has been 

pointed out as a major contributor in the etiology of these conditions (Andersen, 2004; Behl 

et al., 2021). The catalytic properties of CeONPs have also been found to be cell-dependent 

(Kumar et al., 2014). Therefore, CeONPs have been previously investigated as potential ROS 

scavengers in brain cells (Cimini et al., 2012; Dowding et al., 2014; Fiorani et al., 2015; Wong 

et al., 2015; DeCoteau et al., 2016; Guan et al., 2016; Bailey et al., 2020). These studies have 

reported that CeONPs exerted neuroprotective effects under diverse conditions e.g. in AD, 

PD, ischemia or stroke models, in which also astrocytes are affected (Maragakis and 

Rothstein, 2006; Phatnani and Maniatis, 2015). Astrocytes are directly connected to the 

blood-brain barrier through their end-feet (Mathiisen et al., 2010) and selectively block the 

uptake and distribution of nutrients and xenobiotics to the rest of the brain (Verkhratsky et 

al., 2015). As astrocytes are the first parenchymal cell which the CeONPs might encounter 

after peripheral application and due to their key role in ROS detoxification in the brain 

(Dringen et al., 2015), the fate of CeONPs within these cells seems of vital importance for 

future biomedical applications. However, little information is available so far regarding the 

uptake, biocompatibility and clearance of CeONPs in astrocytes or in C6 glioma cell line, 

which has been also frequently used as a model for APCs research (Galland et al., 2019). 

To facilitate the observation of the internalization and posterior distribution within cellular 

compartments in vitro, fluorescent labeled CeONPs were developed. In parallel, the 

quantification of cerium content after their administration is also essential. Hence, the 

development of fast, sensitive and accessible methods is also mandatory. Here we report 

that dispersion and coating with dimercaptosuccinate (DMSA) of commercial CeONPs 

(DMSA-CeONPs) can be successfully achieved, being stable in dispersion for cell 

investigations. The high biocompatibility of DMSA-CeONPs with brain cells was 

demonstrated as the proliferation of C6 glioma cells and viability of APCs after treatment 

with a wide range of DMSA-CeONPs concentrations were not impaired. The data presented 

demonstrate that the uptake of CeONPs seems to rely on active mechanisms. The 

microscopical observation of the uptake was confirmed by the determination of the 

intracellular cerium content in C6 glioma cells by ICP-OES.  
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Materials and methods 

Materials 

Cerium oxide nano-powder (<25 nm, by Brunauer-Emmett-Teller analysis), cerium (III) 

chloride heptahydrate, 2, 3-meso dimercaptosuccinic acid (DMSA), H2O2 for ultratrace 

analysis, nigrosine, sodium chloride, 2-amino-2 (hydroxymethyl)-1,3-propanediol (Trizma 

base), bisbenzimide Hoechst 33342 (H33342) and DPX mounting medium were purchased 

from Sigma-Aldrich (Steinheim, Germany). Dulbecco´s modified Eagle´s medium (DMEM, 

containing 25 mM glucose) was from Gibco (Karlsruhe, Germany). Fetal calf serum (FCS), 

trypsin solution and penicillin/streptomycin solution were obtained from Biochrom 

(Berlin, Germany). Bovine serum albumin (BSA) and nicotinamide adenine dinucleotide 

(NADH) were purchased from Applichem (Darmstadt, Germany). Oregon Green®488 

idodoacetamide (mixed isomers) was obtained from Invitrogen (Darmstadt, Germany). 

Cerium dioxide standard (1000 µg mL-1, v/v) for ICP-OES analysis was obtained from 

Inorganic Ventures (Virginia, USA). Other chemicals of the highest purity used in these 

investigations were purchased from Merck (Darmstadt, Germany) or Fluka (Buchs, 

Switzerland). 24-well cell culture plates and 96-well plates microtiter plates were 

purchased from Sarstedt (Nümbrecht, Germany) and black 96-well plates were acquired 

from VWR (Darmstadt, Germany).  

Preparation of DMSA-coated CeONPs dipersions 

A 100 mM dispersion of colloidal uncoated CeONPs (Un-CeONPs) was prepared as stock 

solution by stirring 0.172 g nano-powder in 10 mL distilled water for 15 min and twice 

ultrasonicating on ice for 5 minutes intervals at 50 W with a Branson B-12 sonifier 

(Danbury, Connecticut, USA). In parallel, a 5 mM DMSA aqueous solution was prepared at 

65°C in a covered beaker under stirring for 15 min and left to cool down until reaching room 

temperature (RT). Afterwards, for the preparation of 20 mM DMSA-CeONPs, 5 mL of the 5 

mM DMSA solution was added to 10 mL of a 29 mM dilution in H2O of the stock CeONPs 

dispersion. After 15 min of additional stirring at RT the dispersion was collected and 

centrifuged for 10 min at 1500g and the supernatant was discarded. Subsequently two 

cycles of washing were completed by washing with 15 mL distilled H2O the pellet containing 

the DMSA-CeONPs and discarding the washing solution after 10 min centrifugation at 

1500g. The resulting CeONPs pellet was finally dispersed in 15 mL pure H2O and sonicated 
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twice with the same settings mentioned before. The DMSA-CeONPs dispersion was stored 

at 4°C and sonicated for 5 min with the above described settings prior to any further use. 

OG fluorescent labelling of DMSA-CeONPs 

To microscopically assess the uptake and fate of the CeONPs within astrocytes or C6 cells, 

DMSA coating was previously functionalized with the OG fluorescent dye, adapting an early 

published method (Fauconnier et al., 1997; Luther et al., 2013; Petters et al., 2014; Rastedt 

et al., 2017). Briefly, fluorescence labeled DMSA was synthesized by mixing 10 µL 10 mM 

OG with 359 µL 47 mM DMSA solution in 359 µL 47 mM glycine/NaOH buffer at pH 10 for 

30 min at room temperature (RT) in the dark.  Subsequently, 187 µL 58 mM CeONPs were 

added to 351 µL of the fluorescence labeled DMSA solution and acidified to pH 3 by adding 

1.5 µL concentrated HNO3 (65%, v/v). The mixture was incubated under continuous shaking 

for 30 min at RT in the dark. To eliminate the unattached DMSA and excess of fluorescent 

dye, three consecutive cycles of 90 s centrifugation at 12,300g were performed in an 

Eppendorf MiniSpin centrifuge (Hamburg, Germany). After each centrifugation, the 

supernatant was discarded and the pellet was resuspended in 1.3 mL H2O and 0.5 µL 

concentrated HNO3. Finally, the nanoparticles were dispersed in 350 µL H2O by addition of 

1µL 1 mM NaOH to re-establish the pH. The final concentration of CeONPs was ~ 30 mM. 

The dispersion was stored at 4°C in the dark until use on the same or the next day.  

Characterization of DMSA-CeONPs 

Transmission electron microscopy (TEM) and Energy dispersive X-ray spectroscopy (EDX) 

for elemental analysis of the CeONPs dispersions was kindly carried out by Dr Karsten Thiel 

(Fraunhofer Institute for Manufacturing Technology and Advanced Materials, Bremen, 

Germany) as previously described (Bulcke et al., 2014; Joshi et al., 2019). Briefly, samples 

for TEM imaging were prepared by drying 10 µL of 1 mM DMSA-CeONPs onto copper grids 

at RT. The grid was then washed with 10 µL pure water twice before letting it air-dry. 

Images were taken by a FEI Tecnai F20 S-TWIN (Hilsboro, Oregon, USA) operated at 200 kV 

using a GATAN GIF2001 SSC-CCD camera (Pleasanton, California, USA). EDX analysis of the 

DMSA-CeONPs dispersion was carried out in the scanning mode of the microscope (STEM) 

with an EDAX r-TEM-EDX-detector with an energy resolution of 136 eV measured at Mn-

Kα. 

DMSA-CeONPs dispersions (1 mM) in H2O2 and different culture media were characterized 

for their hydrodynamic diameter, polydispersity index (Pi) and zeta potential. These 

parameters were determined by dynamic and electrophoretic light scattering (DLS, ELS) in 
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a Beckman Coulter (Krefeld, Germany) Delsa™ Nano C Particle analyzer at RT (Bulcke et al., 

2014) 

C6 glioma cell cultures 

The C6 glioma cell line was cultured as previously described (Joshi et al., 2016). Briefly, C6 

glioma cells (internal passage numbers between 3 and 14) were cultured in 175 cm2 flasks 

in cell culture medium (DMEM+ 10% FCS, 90% DMEM, 10% fetal calf serum (FCS), 1 mM 

pyruvate, 18 U/mL penicillin G, 18 µg/mL streptomycin sulfate) at 37°C in an humified 

atmosphere enriched with 10% CO2 inside a Sanyo incubator (Osaka, Japan). The cultures 

used in the presented experiments were sub-cultured from 80% of confluent cultures. In 

short, the cultures were washed twice with 10 mL of pre-warmed (37°C) sterile PBS (10 

mM potassium phosphate buffer, 150 mM NaCl; pH 7,4) and treated with 10 mL 0.05% 

(w/v) trypsin in pre-warmed (37°C) PBS for 5 min at 37°C. The activity of trypsin was 

terminated by the addition of 10 mL cultured medium. The resulting 20 mL cell suspension 

was centrifugated for 5 min at 400g. Subsequently, the supernatant was discarded and the 

cell pellet resuspended in 10 mL culture medium. The cell density and cell viability was then 

determined by nigrosine staining (0.25%, w/v) using a Neubauer-counting chamber as 

described earlier (Hohnholt et al., 2011). Cells were seeded in 1 mL culture medium at a 

seeding density of 2x105 viable cells mL-1, if not stated otherwise, into wells of 24-well plates 

and used for experimental incubations 24 h after seeding. 

Astrocyte-rich primary cultures 

The preparation of the cultures was performed in accordance with the legal regulations 

dictated by the Bundesministerium für Ernährung und Landwirtschaft included in the 

Tierschutzgesetz (reissued on the 18.05.2006) and later modifications. The maintenance of 

the animals and their utilization with research purposes were approved and supervised by 

the local animal care committee, Senatorische Behörde of Bremen (Germany). 

APCs were successfully obtained from the full brain of newborn Wistar rats within the first 

24 h after birth and being naturally fed. The cultures were prepared as previously described 

by Hamprecht and Löffler (1985) and later slightly modified (Tulpule et al., 2014). Briefly, 

the full brains were extracted after decapitation and mechanically dissociated, 

consecutively, through two nylon meshes of 210 and 132 µm pore diameter respectively to 

eliminate blood vessels and singularize cells. For seeding, 1 mL culture medium containing 

approximately 3x105 viable cells was transferred into wells of 24-well cell culture plates. 
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The cell culture medium was renewed every 7th day. The age of the cultures used for the 

experiment described in this manuscript was between 15 and 28 days.  

Experimental incubations 

To incubate the cells with CeONPs, the cultures were first washed twice with 1 mL of pre-

warmed physiological incubation buffer (IB; 1.8 mM CaCl2, 1 mM MgCl2, 5.4 mM KCl, 145 

mM NaCl, 20 mM HEPES, 5 mM D-glucose; pH 7.4) containing 0.5 mg mL-1 bovine serum 

albumin (IB-BSA) in the wells of 24-well cell culture plates. Subsequently, the cells were 

incubated for the indicated time periods at 37°C in the humified atmosphere of an incubator 

(without CO2 supply) with the adequate volume of IB-BSA containing CeONPs in the 

concentrations given in the legends of the figures and tables. To end the incubations, the 

cells were washed twice with 1 mL ice cold (4°C) PBS. Dry cells were stored at -20°C until 

subsequent quantification of cerium and protein contents. 

For the proliferation assay with C6 glioma cells, 5x104 cells well-1 were seeded in culture 

medium. 24 h after seeding, the cells were washed twice with PBS at 37°C and incubated for 

24, 48 or 72 h with 1 mL culture medium containing 1 mM uncoated CeONPs (Un-CeONPs), 

DMSA-CeONPs or CeCl3 at 37 °C. 

For the microscopical study of OG-DMSA-CeONPs uptake and fate, C6 glioma cells or 

cultured astrocytes were seeded on a sterile glass cover slides placed inside a well of a 24-

well dish and then treated with the indicated concentrations of NPs over different times. 

The cell seeding density for C6 glioma cells was 5 x104 cells well-1, and treatments were 

started 24 h after seeding. 

Viability assays 

Cell vitality was assessed by quantification of the activity of the cellular LDH and by 

visualizing the cell membrane integrity by PI staining as described previously (Bulcke et al., 

2014; Tulpule et al., 2014; Joshi et al., 2016).  

LDH activity determination 

Briefly, after the indicated incubation, cells were washed twice with pre-warmed (37°C) IB-

BSA and lysed with 1% (v/v) Triton x-100 in 200 µL IB-BSA for 30 min at 37°C. After the 

lysis, 10 µL of the lysate was diluted with 170 µL LDH buffer (80 mM Tris, 200 mM NaCl, pH 

7.2) in a well of a 96-well microtiter plate. The photometric determination of the LDH 

activity was performed at 340 nm as previously described by Tulpule et al. (2014). 
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To test for the proliferation of C6 glioma cells after the incubation, the cells were lysed for 

30 min in 1 mL cultured medium containing 1% Triton X-100 and 40 µL of these lysates 

were used to determine the LDH activity after 24 and 48 h while only 20 µL was taken for 

the 72 h timepoint. The cellular LDH activity was determined as described previously 

(Dringen et al., 1998; Tulpule et al., 2014). 

PI staining 

The integrity of the cellular membrane was used as an indicator of cell viability and was 

determined by staining the cells with the membrane impermeable fluorescent dye PI as 

described previously by Tulpule et al. (2014). In addition, the membrane permeable dye 

Hoechst H33342 was applied to visualize all cell nuclei present. Images of the stained cells 

were captured using a fluorescence microscope (Eclipse TE-2000-U with a DS-QiMc camera 

and imaging software NIS-Elements BR, Nikon, Düsseldorf, Germany) using the specified 

filter settings (see fluorescence microscopy).  

Protein determination  

For the determination of cellular protein contents, cells in the 24-well dishes were lysed in 

200 µL 0.5M NaOH for 60 min at RT in a humidified atmosphere. The protein content of the 

cultures was determined based on the Lowry method (Lowry et al., 1951), using BSA as 

standard protein.  

Quantification of cellular cerium content 

For the quantification of cellular cerium contents, cells in 24-well plates were lysed in 400 

µL 500 mM NaOH, harvested and incubated with 1.2 mL of 65% HNO3 (suprapur) and 0.2 

µL of 35% H2O2 (suprapur) at 65°C for 60 min and then at 85°C for the necessary time (~ 24 

h) until the evaporation was completed. Digestions were carried out in 2 mL Eppendorf cups 

which remained open to allow the samples to dry. The dry residues were resuspended in 4 

mL of 2% HNO3 (suprapur). The subsequent quantification of cerium was carried out in 

collaboration with Dr Fröllje (Department of Geochemistry and Hydrogeology, University 

of Bremen). The cerium content was measured by inductively coupled plasma–optical 

emission spectrometry (ICP-OES) using a Perkin Elmer Optima 7300 DV instrument. The 

cerium standards used for the calibration and quality controls were dissolved in extract of 

cells which had never been exposed to cerium but were digested following the same 

procedure as the samples of the different treatments. The emission wavelength chosen for 

cerium determination was 413.764 nm (He et al., 2017). The specific cellular cerium content 
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was calculated by normalizing the total cellular cerium content per well to the cellular 

protein content of the respective well. 

Fluorescence microscopy 

To allow the fluorescence microscopical observations of PI and OG-DMSA-CeONPs staining, 

treated cells were washed with 1 mL ice-cold (4°C) PBS. The cells were additionally 

incubated with 20 µL 4’-6-diamidino-2-phenylindole (DAPI) dye to visualize the nuclei and 

then, fixed with 250 µL 3.5% (w/v) paraformaldehyde in PBS for 15 min at RT and washed 

three times with ice-cold (4°C) PBS in intervals of 5 min. The cells were then embedded in 

DPX mounting medium. Fluorescence images were taken by using an Eclipse TE2000-U 

fluorescent microscope connected to a DS-QiMc camera (Nikon, Düsseldorf, Germany). For 

monitoring the different fluorescence signals the following filter settings were used: PI (λex: 

510-560 nm; λem: 590 nm; dichromatic mirror: 505 nm) and H33342 (λex: 330-380 nm; λem: 

435-485 nm; dichromatic mirror: 400 nm). In the case of OG-DMSA-CeONPs (λex: 465-495 

nm; λem: 505-515 nm; dichromatic mirror: 505 nm) and DAPI (λex: 330-380 nm; λem: 420 

nm; dichromatic mirror: 400 nm). All images were taken under the same light intensity and 

with the same exposure settings in order to allow direct comparisons between cells exposed 

to different incubation conditions. 

Presentation of data 

The quantitative data are presented as means ± standard deviation (SD) of values obtained 

in experiments on three independently prepared cultures, if not stated otherwise. 

Microscopic images were selected from a representative experiment that had been 

reproduced at least twice with comparable results. Statistical analysis of data from multiple 

sets of results was carried out by ANOVA followed by the Bonferroni post-hoc test. 

Significant differences between two sets of data was analyzed by the Student´s t-test using 

the software SigmaPlot (version 11.0). Values of p> 0.05 were considered as not significant. 

Fig.3 was created using BioRender.com. 

Results 

Dispersion, coating and fluorescent labeling of stable CeONPs 

Different parameters were studied to assess the successful dispersion and coating of 

CeONPs and their physicochemical characteristics (hydrodynamic diameter, polydispersity 

index (Pi), ζ-potential) as well as the colloidal stability of the resulting dispersions. An 
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ultrasonic bath and a probe-type ultrasonic homogenizer were used to disperse the Un-

CeONPS. Afterwards, size and Pi of the Un-CeONPs were tested by DLS. Both parameters 

were strongly affected by the ultrasonication technique applied. Sonication applied with the 

probe-type ultrasonic homogenizer delivered better results compared to water-bath 

ultrasonication, with particle sizes in the range of 156 to 98 nm (n=2) (data not shown). 

Different ultrasonication intensities and times were tried to achieve optimal dispersion of 

Un-CeONPs (Fig. 1). Size and Pi also decreased with longer ultrasonication time. For further 

experiments ultrasonication in two intervals of 5 minutes at 50 W were used. 

Figure 1. Effects of different ultrasonication intensities and times on the 
hydrodynamic diameter in Un-CeONPs. Characterization of 1 mM Un-CeONPs dispersed 
in H2O with a probe-type ultrasonic homogenizer. The data represent means ± SE of values 
obtained for CeONPs from two independent syntheses.  

After coating CeONPs with DMSA, larger aggregates formed, and two cycles of 5 min 

centrifugation at 1,500g, followed by two intervals of ultrasonication were needed to obtain 

particles with an average hydrodynamic diameter of 112 ± 4.5 nm (n=3). In detail, different 

coating concentrations were studied (Fig. 2) and it was observed that the stoichiometry 

between the CeONPs and DMSA affected in the functionalization of the particles. The 

addition of the coating material increased the hydrodynamic diameter in comparison to Un-

CeONPs (Fig. 2a). However, when 5 mM of DMSA was added to 29 mM CeONPs, the 

hydrodynamic diameter of the DMSA-coated particles appeared to be slightly smaller than 

when 1 mM or 20 mM were used. Similarly, the coating with 10 mM DMSA resulted in NPs 

with a smaller hydrodynamic diameter in comparison to 1 or 20 mM. In contrast, the 

hydrodynamic diameter did not differ when 5 or 10 mM DMSA had been applied. The size 

distribution in solution was similar to that of dispersed Un-CeONPs and independent of the 
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DMSA concentration employed, according to the Pi (Fig. 2b). The volumetric ratios 

(DMSA:Un-CeONPs) tested did not seem to influence the size of the particles (data not 

shown). Therefore, an initial concentration of 5 mM DMSA was considered to be optimal for 

functionalizing the NPs. The stability of the dispersion over time for 5 mM DMSA was more 

than 30 days (data not shown). Finally, DMSA-CeONPs dispersion and coating procedure 

was established and followed for the experiments as described in the methods section. 

Figure 2. Effects of coating with different initial DMSA concentrations on the 
hydrodynamic diameter and Pi in CeONPs dispersed in H2O. The hydrodynamic 
diameter (a) and Pi (b) of 1 mM CeONPs dispersions in H2O were investigated and 
compared to those obtained for Un-CeONPs (0 mM DMSA). The data represent means ± SE 
of values obtained for CeONPs from two independent syntheses.  

A fluorescence labeling method has been previous- and successfully used in our lab to study  

the fate of iron oxide nanoparticles in neural cells (Luther et al., 2013; Petters et al., 2014; 

Petters et al., 2016; Rastedt et al., 2017). However, this method needed to be optimized for 

CeONPs. Different concentrations of DMSA coating and CeONPs were evaluated as well as 

addition of HNO3 (Table 1). At the same time different conditions for the synthesis, as pH 

and speed and time of centrifugation were successfully optimized in order to obtain a 

robust, reproducible and efficient labeling method (Fig. 3). The separation of OG-DMSA-

CeONPs from the excess of reaction mixture is a critical step in the preparation. Iron oxide 

NPs can be easier sorted as they are magnetic. In the case of OG-DMSA-CeONPs, 

precipitation by addition of 10 times concentrated IB plus centrifugation or only 

centrifugation in H2O was tested. The best results, by visual inspection, were obtained when 

centrifugation at 3287g for 90 s in H2O was applied. 
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Table 1. Parameters studied for the preparation of fluorescent OG-DMSA-CeONPs. 

  Alternative A Alternative B 

  V (µL) [C] V (µL) [C] 
R

e
a

ct
io

n
 

m
ix

tu
re

 DMSA 333 10 mM 333 5 mM 

Glycin/NaOH pH 10 359 47 mM 359 47 mM 

OG 10 10 mm 10 10 mM 

Un-CeONPs 187 29 mM 187 58 mM 

HNO3 0/0/0 65% 1.5/0.5/0.5 65% 

NaOH 1 1 mM 1 1 mM 

[V]: volume 
[C]: concentration  

CeONPs generated by method A (Table 1) precipitated faster (~18 h after its preparation) 

and showed poorer results when incubated with cells (data not shown). Alternative B had 

the additional advantage that the final concentration of cerium was higher and therefore 

allowed the preparation of more treatments from the same stock solution. 

Characterization of CeONPs in H2O and physiological media 

TEM imaging of DMSA-CeONPs revealed the presence of crystalline octahedrons with an 

approximate size of 25 nm (Fig. 4d,e). EDX analysis of DMSA-CeONPs dispersed in water 

detected the specific presence of cerium (Ce), oxygen (O) and sulfur (S) (Fig. 4f). The latter 

element corresponds to the coating material used in the preparation of the NPs. In addition, 

silicon (Si) and copper (Cu) were also present, denoting the elemental composition of the 

TEM grid. As expected, similar results were obtained by TEM and EDX in dispersed Un-

CeONPs (Fig. 4a-c) and OG-DMSA-CeONPs (Fig. 4g-i) in H2O, indicating that the coating and 

labeling process did not alter the nominal size or shape of CeONPs. 

 



Figure 4. Characterization of Un-CeONPs, DMSA-CeONPs and OG-DMSA-CeONPs. 
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Biocompatibility of DMSA-CeONPs and CeCl3 in C6 glioma cells  

To study the biocompatibility of uncoated and DMSA-coated CeONPs, a proliferation study 

with C6 glioma cells was performed. To investigate the difference between the potential 

effect of cerium when presented as NPs or as bulk material a control treatment with CeCl3 

and one without addition of cerium were included. The cells density at the starting of the 

treatments was estimated to be 1x105 cells well-1, with a doubling rate of 24 hours. The 

intracellular LDH activity of control cells was 155 ± 16 nmol well-1 min-1 after the first 24 h 

of incubation, doubling to 359 ± 17nmol well-1 min-1 and 842 ± 83 nmol well-1 min-1 after 48 

and 72 h, respectively (Fig. 5a). 
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Figure 5. Time and concentration dependent effects on the proliferation of C6 glioma 
cells after incubation with DMSA-CeONPs or CeCl3. Cells were incubated without 
(control; 0 µM) or with DMSA-CeONPs (a, b) or CeCl3 (c, d) in DMEM+10% FCS for up to 72 
h at 37°C. For the indicated timepoints, the intracellular LDH activity (a, c) and the protein 
content were determined (b, d). The data shown are means ± SD of values obtained in three 
independent experiments (n=3). Significant differences (ANOVA) of data compared to the 
control are indicated by asterisks marked in the colors of the respective symbols used for 
the given concentrations (*p<0.05). 
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Treatment of cells with DMSA-CeONPs did not significantly affect the cellular LDH activity 

at any timepoint by comparison to the control (Fig. 5a). Under these conditions, the control 

had a protein content of 63 ± 5 µg well-1 after 24 h of incubation, increasing to 135 ± 15 µg 

well-1 and 281 ± 45 µg well-1 after 48 h and 72 h respectively (Fig. 5b). Similarly, the protein 

content of DMSA-CeONPs treated cells doubled over time for the concentrations 

investigated. A slight but significant decrease when treated with 1000 µM DMSA-CeONPs 

was observed after 48 h incubation (Fig. 5c) but not at 72 h. Moreover, exposure of C6 

glioma cells to CeCl3 in a concentration of up to 1000 µM did not consistently decrease the 

cellular LDH activity or the protein content in comparison to cells incubated in the absence 

of cerium (Fig. 5c,d).  

APCs viability after incubation with DMSA-CeONPs 

To further investigate the potential adverse effect of DMSA-CeONPs on brain cells, confluent 

APCs were incubated for 24, 48 and 72 h in the absence or presence of DMSA-CeONPs in 

culture medium at 37°C (Fig. 6).  
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Figure 6. Test for viability of APCs after exposure to DMSA-CeONPs. Cells were 
incubated without (control; 0 µM) or with DMSA-CeONPs in culture medium for up to 72 h 
at 37°C. For the indicated timepoints, the intracellular LDH activity was determined. The 
data shown are means ± SD of values obtained in three independent experiments (n=3). 
Significant differences (ANOVA) of data compared to the control were calculated but no 
statistically difference was found. 

The intracellular LDH activity was preserved even during the incubations for 72 h with 1000 

µM DMSA-CeONPs in comparison to the control (Fig. 6). No significant differences in cellular 
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LDH were obtained compared to the astrocytes incubated in the absence of DMSA-CeONPs. 

The absence of toxicity of DMSA-CeONPs for APCs was validated by investigating their 

membrane integrity by staining with the fluorescent dye PI (Fig. 7).  

Figure 7. Membrane integrity of APCs after treatment with DMSA-CeONPs. Cells were 
incubated without (control) or with 1000 µM DMSA-CeONPs in culture medium for 72 h at 
37°C. Subsequently, the cells were stained for membrane integrity by application of PI (d, 
e) and the cell nuclei were visualized with H33342 (a, b). As positive control for the loss of 
cell membrane integrity cells were incubated with 200 µM AgNO3 for 2 h (c, f). The data 
shown are from a representative experiment that was replicate twice on independent 
prepared cultures with equivalent results. The scale bar in panel (a) represents 100 µm and 
applies to all panels 

Control cultures treated in the absence of DMSA-CeONPs did not show PI positive cells (Fig. 

7d,g). Similarly, the cell membrane integrity was not compromised within a 72 h incubation 

with 1000 µM DMSA-CeONPs as indicated by the absence of PI positive cells (Fig. 7e,h). APCs 
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were also treated with 200 µM AgNO3. This positive control confirmed the detection of a 

severe loss in membrane integrity by PI staining (Fig. 7f,i). 

Qualitative and quantitative uptake of OG-DMSA-CeONPs in C6 glioma cells.  

As shown above, no toxic effects in brain cell cultures incubated in the presence of DMSA-

CeONPs were observed. However, a demonstration of internalization of DMSA-CeONPs was 

required to assess their biocompatibility and possible biomedical use. 

To demonstrate the uptake of DMSA-CeONP, C6 glioma cells were incubated with 1000 µM 

OG-DMSA-CeONPs in IB-BSA for up to 1 h at 4°C or 37°C. This treatment caused no loss of 

cell viability as demonstrated by the absence of any significant increase in the extracellular 

LDH activity (data not shown). However, a significant time-dependent uptake of OG-DMSA-

CeONPs into the cells was taking place already within 15 min after the application of the OG-

DMSA-CeONPs, as demonstrated by the localization of CeONPs fluorescence around stained 

nuclei (Fig. 8e-h). Cells that had been incubated with OG-DMSA-CeONPs at 37°C showed a 

more intense and localized cellular fluorescence compared to cells that had been incubated 

at 4°C (Fig. 8a-d). These observations suggest an uptake of OG-DMSA-CeONPs mediated by 

active cell mechanisms. This data also seems to indicate that the uptake continued increase 

over time (Fig. 8e-h).  

Figure 8. Microscopical study to investigate the uptake of OG-DMSA-CeONPs at a 
concentration of 1000 µM in C6 glioma cells. The cells were incubated in 24-well plates 
at 4°C or 37°C in IB containing 0.5 mg/mL BSA for the indicated time periods. Nuclei were 
stained with DAPI (blue) and OG-DMSA-CeONPs staining is shown in green. All images were 
recorded using identical microscopical settings. The data shown are from a representative 
experiment that was replicate twice on independent prepared cultures with equivalent 
results. The scale bar in (a) represents 10 µm and applies to all panels. 
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APCs were also incubated with 1000 µM OG-DMSA-CeONPs in IB-BSA at 4°C and 37°C for 

up to 4 h (Fig. 9). Similar to the incubation with C6 glioma cells (Fig.8), the intracellular 

accumulation of the NPs showed a time- and temperature dependent pattern. The uptake 

seemed to be faster and greater at 37°C (Fig. 9e-h) than at 4°C (Fig. 9a-d). 

Figure 9. Microscopical study to investigate the uptake of OG-DMSA-CeONPs at a 
concentration of 1000 µM in APCs. The cells were incubated in 24-well plates at 4 °C or 
37 °C in IB containing 0.5 mg/mL BSA for the indicated time periods. Nuclei were stained 
with DAPI (blue) and OG-DMSA-CeONPs staining is green. All images were recorded using 
identical microscopical settings. The data shown are from a representative experiment that 
was replicate twice on independent prepared cultures with equivalent results. The scale bar 
in (a) represents 10 µm and applies to all panels. 

Quantification of cellular cerium content by ICP-OES in C6 glioma cells 

As expected based on our previous results, the incubation of C6 glioma cells with 400 µL 1 

mM DMSA-CeONPs at 4°C or 37°C for 1 h in a dedicated experiment to quantify CeONPs 

uptake, did not affect cell viability. Cell membrane permeability was not increased by the 

incubation with DMSA-CeONPs in comparison to control cells after incubations, as seen by 

the almost identical cellular LDH activity (Fig. 10a). Protein content was also almost 

identical after incubation in the absence or the presence of DMSA-CeONPs and was also not 

affected by the incubation temperature (Fig. 10b). 

For the quantification of cerium by ICP-OES, a calibration curve was prepared (Fig. 10c). To 

imitate the matrix in which the samples were prepared, each standard solution containing 

cerium was diluted in the appropriate volume of an aqueous solution containing lysates of 

C6 glioma cells and 2% HNO3 (v/v). The calibration curve, which was obtained at a 
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wavelength emission (λ) of 413.764 nm, showed a perfect linearity in the concentration 

range chosen (Fig. 10c). 
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Figure 10. Uptake of DMSA-CeONPs by C6 glioma cells. The cells were incubated with 
400 µL 1 mM cerium applied as DMSA-CeONPs at 4°C or 37°C for 1 h. For the different 
incubation-temperatures the intracellular LDH activity (a), the protein content (b), the 
calibration curve with 0, 0.5, 1, 2 and 4 mg/L cerium standards (c) and the cellular content 
of cerium (nmol) per milligram of protein (d) were determined. In (a) the black line 
indicates the activity of LDH in untreated cells before the incubation, the dotted lines in blue 
and red indicate the SD for the 4°C and 37°C experiments, respectively. In (a) and (b): 
results are mean ± SD of triplicates from three experiments (n=3); in (c) and (d) the results 
concerning DMSA-CeONPs at 37°C are mean ± SD of triplicates of two independent 
experiments (n=2). 

For the determination of cellular cerium, samples needed to be resuspended in 4 mL 2% 

HNO3 (v/v) in order to reach the minimum volume which could be injected in the IPC-OES. 

The calculated uptake of cerium at 4°C was 210 ± 3 nmol Ce mg-1 protein while a significant 

increase occurred when the cells have been incubated at 37°C containing 314 ± 15 nmol Ce 
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mg-1 protein. This difference represented ~ 33% of increase in the accumulation of cerium 

at the temperature which cells are considered to display normal physiological activity. 

Discussion 

The biocompatibility and cellular uptake of CeONPs have been previously investigated on 

diverse cell cultures as well as in vivo. These particles appear not to be toxic for many 

mammalian cell lines  (Dhall and Self, 2018) but controversial results can also be found in 

the literature (Casals et al., 2020). The reported contradictory results have been attributed 

to differences in size, shape, colloidal distribution or the coating of the NPs (Nelson et al., 

2016). Therefore, in order to potentially add a new type of functionalized CeONPs, 

biocompatible with primary rat astrocytes and C6 glioma cells, the parameters for a 

successful dispersion and a new coating were tested.  

Commercial CeONPs showed promising results when the dispersion followed two cycles of 

ultrasonication. The resulting stock solution of Un-CeONPs had a long shelf-life (up to 60 

days) and high stability in H2O, standing out from many other metal NPs (Haddad et al., 

2014) and also other preparations of CeONPs. Subsequently, these NPs were functionalized 

with DMSA, showing a high colloidal stability in H2O and physiological culture media as well. 

To the best of our knowledge, this is the first report describing CeONPs which have been 

functionalized with DMSA. Common coatings already explored in the literature include 

poly(acrylic acid) (PAA) (Sehgal et al., 2005; Zhang et al., 2016; Ju et al., 2021), polyethylene 

glycol (Cimini et al., 2012; Xue et al., 2018; Hu and Ding, 2022), dextran (Perez et al., 2008; 

Alpaslan et al., 2015) and polyethilenimine (Hasanzadeh et al., 2019; Tian et al., 2020).  

In a recent study, Ju and colleagues (2020)  investigated the colloidal stability of uncoated, 

spherical and self-synthesized CeONPs with a nominal diameter in the range of 2-6 nm and 

compared the results when such NPs were coated with dextran or PAA and dispersed in H2O 

in the absence or presence of BSA, DMEM or DMEM + 5% FCS. Although no direct 

comparison can be established due to the difference in nominal size with our results, their 

uncoated CeONPs showed a hydrodynamic diameter of 176 nm and a negative ζ-potential 

(-28 mV) in H2O, in contrast to the here reported Un-CeONPs which presented a positive ζ-

potential. The authors observed an increase in the hydrodynamic diameter in the presence 

of serum and a negative ζ-potential (-35 mV). Contrary to DMSA-CeONPs, the absence of 

proteins or serum in the culture medium did not result in a drastic agglomeration and 

precipitation. The authors argue that changes in stability resulted from the combination of 
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steric and electrostatic repulsion, deriving from the polymers and the ionic strength of the 

media respectively. 

In the case of DMSA-CeONPs, the binding between the coating and the NPs most likely 

occurs through electrostatic interactions between negatively charged carboxyl groups of 

the DMSA molecules and the surface of the CeONPs, as previously reported for iron oxide 

NPs (Petters et al., 2014; Petters et al., 2016; Rastedt et al., 2017) and copper oxide NPs 

(Bulcke et al., 2014; Joshi et al., 2016). Un-CeONPs in H2O revealed a net positive value of 58 

mV. However, when coated with DMSA, the ζ-potential of CeONPs turned negative (-27,2 

mV). It has been hypothesized that DMSA forms a cage-like structure around the core of 

copper oxide NPs via disulfide bridges (Geppert et al., 2011; Bulcke et al., 2014), exposing 

its free carboxyl groups to the outside. A similar mechanism might occur in the DMSA-

CeONPs as their ζ-potential had a relatively strong negative value.  

Previous studies showed that electrostatically stabilized NPs have generally shown limited 

stability in culture media (Asati et al., 2010). In the case of the dextran-coated CeONPs 

mentioned above, where a combination of steric and electrostatic forces was involved, the 

shelf-life was limited to 72 h even in the presence of FCS (Ju et al., 2020). In this sense, 

DMSA-CeONPs represent an advance as they showed a better stability with a shelf-life up to 

7 days. All together implies that other factors as ionic strength, pH and soft corona formation 

are unequally contributing to the colloidal stability of the different CeONPs in dispersion. In 

fact, for the current study, to obtain DMSA-CeONPs in the nanoscale range and with a 

relative long shelf-life, the physiological incubation media needed to be supplemented with 

protein (BSA or FCS). This effect has been already reported for other metal NPs as for 

example copper oxide (Joshi et al., 2019), silver and iron oxide NPs (Jurašin et al., 2016; 

Levak et al., 2017). 

In order to evaluate the actual uptake of CeONPs, a qualitative and a quantitative approach 

were developed. A new fluorescent labeling method of CeONPs was optimized based on a 

previous procedure developed for iron oxide nanoparticles (OG-DMSA-IONPs) (Rastedt et 

al., 2017). The fluorescent dye OG forms covalent bonds with the DMSA coating 

(Kaewsaneha et al., 2015) and allow the intracellular localization of internalized CeONPs. 

Importantly, the fluorescent labeling with OG did not alter the size distribution or the 

morphology of the NPs in comparison to DMSA-CeONPs. Fluorescence microscopy of C6 

glioma cells and APCs after incubation with OG-DMSA-CeONPs at 37°C showed a dotted 

cellular staining pattern which seems to indicate that the NPs accumulated within the cells 

in vesicular structures. To test whether CeONPs were internalized by C6 glioma cells and 
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APCs or the fluorescence obtained resulted from adsorbed CeONPs to the cell membrane, 

the cells were exposed to OG-DMSA-CeONPs at 4°C, since the low temperature is known to 

slow down transport across the membrane (Luther et al., 2013; Rastedt et al., 2017). Hardly 

any fluorescence was recorded at 4°C neither in C6 glioma cells or APCs, suggesting an 

active uptake of OG-DMSA-CeONPs might occur. Previous studies have suggested that 

negatively charged NPs concentrate at cationic sites of adsorption along the cell membrane 

due to repulsive forces caused by the negatively charged domains of the cell surface. The 

NPs already bound to the cell membrane reduce the repulsion of other NPs by decreasing 

the charge density what may favour adsorption of other free NPs (Wilhelm et al., 2003). 

Consequently, several studies have described a faster and more efficient internalization of 

negatively charged CeONPs (Patil et al., 2007; Renu et al., 2012; Babu et al., 2014). However, 

other findings indicate that positively charged CeONPs were broadly internalized (Asati et 

al., 2010). The uptake can occur via several mechanism as non-specific or receptor-

mediated endocytosis, pinocytosis or phagocytosis in the case of larger particles (Lorenz et 

al., 2006). Later studies have suggested that the uptake is a function of the ζ-potential and 

size of the NPs but also cell dependent (Behzadi et al., 2017; Vassie et al., 2017).  

Whereas the synthesis of iron fluorescent metal NPs has been explored in the past (Lee et 

al., 2008; Yen et al., 2013; Petters and Dringen, 2015; Wu et al., 2015), fluorescent CeONPs 

have been less investigated. Patil et al. (2007) analysed the internalization of functionalized 

CeONPs with fluorescent carboxyfluorescein in the retina by confocal fluorescence 

microscopy. Xia et al. (2008) examined the uptake and cellular localization of CeONPs in 

macrophage and epithelial cells by using CeONPs labelled with fluorescein. The authors 

conclude that CeONPs were localized in a caveolin-1 positive cell compartment in epithelial 

cells while in the macrophages CeONPs were allocated in late endosomes after 24 h of 

incubation. Other study showed by fluorescence microscopy the uptake of 5 mg mL-1 

rhodamine conjugated CeONPs in human prostate cancer cells after a 24 h incubation. The 

results demonstrated that negative charged fluorescent CeONPs were effectively taken up 

and even caused some change in cell morphology (Renu et al., 2012). OG-DMSA-IONPs 

incubated with C6 glioma cells accumulated in a time-, concentration- and temperature-

dependent manner (Rastedt et al., 2017), similarly to the results presented here for the OG-

DMSA-CeONPs and did not affect cell morphology in short time incubations. Of note OG-

DMSA-IONPs also exhibited a negative ζ-potential (~-21 mV) when dispersed in IB (Rastedt 

et al., 2017). 
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To have a further and quantitative insight in the internalization of CeONPs by C6 glioma 

cells, an ICP-OES method was developed and applied. After incubation, the organic phase of 

the samples was totally digested and the cerium was solubilized. The measurements were 

inside the range of the detection limit calculated as three times the standard deviation of 

the blank (Shemirani and Yousefi, 2007). The relatively high content of NaOH present in the 

samples (115 ppm) did not cause an interference with the determinations as observed by 

the results of the two different quality controls measured, which were diluted in the same 

lysate matrix as the samples. The results corroborated the increased uptake of cerium when 

the incubation was performed at 37°C compared to 4°C. After 1 h incubation at 37°C the 

uptake of Ce represented 7.8% of the total Ce added while at 4°C the cells had only 

internalized 5.3%. Comparisons in the uptake based on the literature are hard to establish 

due to the different incubation conditions (type of cells, initial concentration of CeONPs 

added, time of incubation, etc.). In our group, it has been shown that the cellular uptake of 

C6 glioma cells after incubation with 500 µM DMSA-CuONPs for 1 h at 37°C is approximately 

10% and at 4°C about the 4.3% of the total Cu amount added, measured by atomic 

absorption spectroscopy (Joshi, 2019). The uptake of DMSA-IONPs by C6 glioma cells have 

also been studied in our group. C6 glioma cells strikingly internalized 50% of the total iron 

added (1 mM) at 37°C and after 1 h incubation (Rastedt et al., 2017). The similarities 

between DMSA-CeONPs and DMSA-CuONPs might indicate that the uptake of these two 

different NPs share a common mechanism in C6 glioma cells. Likewise, the adsorption of 

NPs to cells surface seem to be very similar. In contrast, in the case of DMSA-IONPs a 

different internalization route might be involved. In a recent report concerning the 

administration of CeONPs in space, it was demonstrated that the uptake of the same 

commercial CeONPs as used in the present study by C2C12 myoblast was ~22% after 48 h 

incubation with 100 µg/mL CeONPs at normal gravity (Genchi et al., 2021). Remarkably, the 

NPs were coated by adding 50% foetal bovine serum and allowing them to bond for certain 

time. The hydrodynamic diameter and ζ-potential in H2O were very similar to DMSA-

CeONPs in IB-BSA, despite the different coating. 

Inductively coupled plasma mass spectrometry (ICP-MS) is the more extended method for 

the quantification of cerium in biomedical studies, investigating NPs (Flores et al., 2021). 

ICP-OES have been also used for such determinations but limited, most likely by the larger 

detection limit in comparison to ICP-MS. However, in the present study, data showed that 

ICP-OES is also suitable and reliable for in vitro studies. ICP-OES is more affordable and the 

samples analysis is significantly faster in comparison to ICP-MS.  
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Nevertheless, the major weakness of IPC-OES (and also ICP-MS) determinations is that the 

extent of the signal which corresponds with the adsorbed cerium to the cells surface and 

even to the plastic of the incubation wells cannot be distinguished from the effectively 

internalized cerium. In addition, it is unclear whether the adsorption process varies with 

the temperature as well. Also remarkable is the inability of ICP-OES or ICP-MS to 

differentiate if dissolution of the NPs occurs (Clases and Gonzalez de Vega, 2022). Some 

authors have tried to overcome the mentioned analytical limitations by coupling ICP-MS to 

single particle analysis (sp-ICP-MS). This technique also provides relevant information 

concerning the size, elemental composition, physicochemical states and particles 

concentrations in biological samples (Flores et al., 2021). However, for the complete study 

of the internalization of NPs by cells, qualitative microscopy techniques as SEM, TEM or 

confocal laser scanning microscopy (CLSM) need to be considered. CLSM stands out as it 

facilitates the visualization of the uptake considering the three dimensions of the cells and 

therefore, revealing important factors of the fate of the NPs inside the cells (Zhou et al., 

2013; Abdel-Hafez et al., 2018). 

In the interaction with cells, treatment with DMSA-CeONPs up to 1000 µM (~140 mg Ce L1) 

did not compromise cell membrane integrity over three days in C6 glioma cells or APCs, 

demonstrated by cellular LDH activity and PI staining results. This suggests a high 

biocompatibility of DMSA-CeONPs with cultured brain cells. The comparison between 

DMSA-CeONPs and CeCl3 on the proliferation of C6 glioma cells revealed that under the 

conditions tested, the fact of presenting cerium as NPs or salt was not relevant. This is 

important as NPs are not just chemicals but rather entities with their own complete 

physicochemical features or as Rzigalinski and colleagues (2017) introduced, NPs exert as 

“mini-reactors”. 

Despite its relevance, the findings concerning the biocompatibility and uptake of CeONPs in 

C6 glioma cells or APCs in the literature are still scarce and have produced rather atomized 

knowledge. Interestingly, Fernández-Bertólez et al. (2023) investigated the cytotoxicity of 

the same CeONPs presented in this study in human A172 glial cells and SH-SY5Y neuronal 

cells in a similar concentration range and determined scarce cytotoxicity or genotoxicity, 

which only started to develop under longer incubation times (48 h). In a different approach, 

viability of CeONPs as an anticancer drug in a model of human glioma was studied, 

specifically in a cell line derived from anaplastic astrocytoma. It was shown that 300 µM 

CeONPs after 72 h were cytotoxic to the glioma cells but not toxic for healthy endothelial 

cells under the same conditions (Sack-Zschauer et al., 2017). In contrast, DMSA-CeONPs in 
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our study did not present any toxicity to C6 glioma cells after the same period and for higher 

concentrations. A possible explanation might be the origin of the cells, human vs. Wistar rat 

APCs or the size of the CeONPs. Also contrary to the present findings, Minchenko et al. 

(2013) showed that exposure of human immortalized astrocytes to concentrations of 0.17 

and 0.34 mg mL-1 during 20 h significantly reduced the expression level of transcription 

factors which regulate proliferation and survival. On the other hand, Xu et al. (2016) 

demonstrated the neuroprotective effect of CeONPs by reducing astrogliosis in vitro and in 

vivo in a mice model for hypothalamic inflammation. Indirectly in this study, it is shown that 

the CeONPs in low concentrations (5-200 µg mL-1) are biocompatible with mice APCs, 

similar to results presented here. In fact, in the mentioned study, CeONPs significantly 

extended the lifespan of APCs subjected to neuroinflammation (Xu et al., 2016).  

With the present study we have contributed to fill the gap regarding the possibility of 

incorporating CeONPs by two cell models for astrocytes. Thereby we paved the way for 

further investigations regarding the metabolic effects and potential ROS scavenging activity 

of these compounds. 

Future perspectives 

DMSA-CeONPs present some advantages over pre-existing functionalized CeONPs, 

regarding for example their stability and potentially also biocompatibility. Therefore, future 

investigations of their physicochemical features are recommended. For instance, the 

quantification of the DMSA molecules adsorbed to the CeONPs could give further insights 

into the colloidal stability and the influence of the ionic strength of the media (Bemowsky 

et al., 2019). In addition, the investigation of the Ce3+/Ce4+, by X-ray photoelectron 

spectroscopy, would be necessary to predict their potential as nanozymes and to study 

some possible substitutions occurring in their surface when dispersed in media with the 

presence of BSA or FCS. The determination of the total amount of the protein adsorbed to 

the NPs might add relevant information about the identity in culture of the DMSA-CeONPs 

as well. Another important aspect to be studied concerning stability, is the potential 

dissolution behavior of DMSA-CeONPs over time. The release of cerium ions and the 

detachment of the coating need to be addressed.  

As the uptake of DMSA-CeONPs in C6 glioma cells and APCs has been demonstrated a 

detailed investigation of their fate inside the cell could be of relevance. Such investigations 

could target the incorporation mechanism and a potential accumulation in lysosomes, 

endosomes or other structures. For that purpose, a more exhaustive time-concentration 
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study in combination with microscopical observations and ICP-OES quantification must be 

considered. 

Another aspect to be investigated in the future is the effects caused by the accumulation of 

DMSA-CeONPs on the metabolism of C6 glioma cells and APCs and their possible ability to 

scavenge ROS in pathological conditions. To explore their potential as biomedical tools is 

the ulterior motivation of the establishment of this new coated CeONPs and their 

characterization. 
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2.2 Cerium oxide nanoparticles and CeCl3 stimulates the 

glycolytic flux in astrocyte-rich primary cultures.  
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Abstract 

Cerium oxide nanoparticles (CeONPs) are considered a solid candidate for the new 

generation of antioxidants due to their protective potential against oxidative stress 

demonstrated in vitro and in vivo and their self-regeneration potential. Cellular or systemic 

CeONPs protection against radical-induced toxicity is based on their redox cycling capacity 

coupled with oxygen buffering. However, little is known about potential metabolic 

consequences of an exposure of healthy brain cells to such particles. Therefore, 

dimercaptoscuccinate-coated cerium oxide nanoparticles (DMSA-CeONPs) or two different 

cerium salts, CeCl3 or Ce(SO4)2, were applied to cultured primary rat astrocytes and 

investigated whether such treatments may alter cell viability and/or glucose metabolism. 

Astrocytes remained viable during an incubation for up to four days with concentrations of 

up to 1000 µM cerium. The cellular content of cerium was determined after three days of 

incubation and showed a concentration-dependent pattern. The intracellular cerium 

content was 16-fold greater in cells treated with 300 µM DMSA-CeONPs for 3 days 

compared to cells exposed to CeCl3 or Ce(SO4)2. The incubation with 300 µM DMSA-CeONPs 

induced a significant increase in lactate release and glucose consumption from the second 

day on. A comparable increase was observed when the cells were treated with 300 µM CeCl3 

or Ce(SO4)2, suggesting that the ionic cerium leaked from the NPs might be the responsible 

for the stimulation of the glycolytic flux. The cerium-induced lactate production persisted 

after removal of extracellular DMSA-CeONPs. Furthermore, after 72 h such stimulation of 

the glycolytic flux showed similarities to the stimulation observed when astrocytes had 

been incubated with hypoxia inducible factor 1 α (Hif-1α) stabilizers. These data 

demonstrate that cerium upregulates glycolysis after 48 h incubation in cultured astrocytes 

and the effects persist over time, suggesting that the treatment with the redox active DMSA-

CeONPs interfere with brain glucose metabolism and oxygen availability. 
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Introduction 

CeONPs are being intensively studied and are considered solid candidates as therapeutics 

against oxidative stress in various organs (Alili et al., 2011; Giri et al., 2013; Sack et al., 2014; 

Hijaz et al., 2016; Das et al., 2017; Fernández‐Varo et al., 2020), including the brain (Estevez 

et al., 2011; Kwon et al., 2016). The radical scavenging potential of CeONPs relies in the flip-

flop between Ce4+ and Ce3+ that occurs at the surface of the NPs and is mediated by the 

generation of a neutral oxygen vacancy (O2-→1/2 O2 (g)), which donates two electrons for 

the reduction of two Ce4+ atoms to Ce3+  (Skorodumova et al., 2002). Due to this redox 

potential, CeONPs can exhibit superoxidase dismutase or catalase mimicking behavior in 

the presence of reactive oxygen species (ROS) in cells (Korsvik et al., 2007; Pirmohamed et 

al., 2010).  

In this line, previous studies have demonstrated protective effects of CeONPs against neuro-

pathologies with a strong background of oxidative stress, such as, AD (Cimini et al., 2012; 

Dowding et al., 2014; Guan et al., 2016), Parkinson´s disease (Dillon et al., 2011; Pinna et al., 

2015) or ischemia (Estevez et al., 2011; Chen and Gao, 2017). Furthermore, the use of 

CeONPs is thought to be relatively safe as, overall, CeONPs are considered to have no or very 

low cytotoxicity (Asati et al., 2010; Dhall and Self, 2018; Li et al., 2018).  

CeONPs have also been reported to act as oxidants in diverse biological applications. Indeed, 

CeONPs-induced increase in ROS has been linked to some of the deleterious effects observed 

in vitro (Gagnon and Fromm, 2015). Even such negative effects on cells have been turned 

into a strength by investigating oxidative-CeONPs as potential anticancer tools. For 

example, Mittal and Pandey (2014) showed that the treatment of lung adenocarcinoma cells 

with CeONPs caused DNA damage and apoptotic cell death, which correlated with an 

increase in ROS. Similarly, CeONPs caused oxidative stress in human hepatoma cells, 

reducing their viability, causing morphological damage and apoptosis (Cheng et al., 2013). 

CeONPs also increase ROS generation and subsequently DNA damage in human 

neuroblastoma cells (Kumari et al., 2014). 

However, despite the growing scientific interest in CeONPs and their effects on biological 

systems, the non-acute and/or long-term effects of CeONPs in healthy cells remain a vast 

unexplored area of research. 

NPs present many advantages over their bulk counterpart, most notably enhanced 

reactivity due to the larger surface area per unit mass (Sannino, 2021). However, it is worth 
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noting, that bulk cerium was widely used in medicine, in the past, long before nanoceria 

(Jakupec et al., 2005; Shcherbakov et al., 2020). Initially, Ce (III) oxalate was prescribed as 

an antiemetic during pregnancy although its therapeutic effect was never tested in clinical 

trials (Simpson, 1854; Böhm, 1915; Wilcox, 1917). Later, various formulations of Ce3+ were 

reported and used as antiseptics (Burkes and McCleskey, 1947; Muroma, 1958), as 

immunomodulators in the treatment of burns (Garner and Heppell, 2005; Garner and 

Heppell, 2005) or as antitumoral agents in cancer chemotherapy (Lewin, 1924; Sato et al., 

1998; Ji et al., 2000; Dai et al., 2002). The mechanisms of action of bulk cerium have not been 

fully elucidated, but in a very detailed and recent review Shcherbakov et al. (2020) 

compared the published data on the chemical properties and biological activity of CeONPs 

and ionic cerium and found that cerium compounds are often reported to have similar 

catalytic/scavenging properties and to exert similar effects as CeONPs in regenerative 

medicine, immunomodulation, neuroprotection or cancer. Other studies have also pointed 

out that the solubility of fine nanoceria i.e. the release of cerium ions, in aqueous solution is 

calculated to be in the millimolar range (Plakhova et al., 2016), although this aspect is rarely 

addressed when characterizing CeONPs. Based on these observations Shcherbakov and 

colleagues (2020) even stated that the ulterior responsible for the biological effect are the 

cerium ions and not the increased redox potential of the NPs due to the enhanced surface 

defects caused by the nanoscale, which, on the other hand, constitutes the most extended 

hypothesis. However, many of the current studies on the effects of CeONPs in biological 

systems lack of the direct comparison with other cerium compounds, making it very difficult 

to determine the contribution of the nanomaterials or, in other words, the “NP-effect”. 

Nevertheless, exposure to ionic cerium has also been shown to have negative effects on cells. 

Of note, it is its ability to replace Ca2+ with Ce3+ in calcium channels, enzymes or Ca-binding 

proteins due to their similar ionic radius (Barker et al., 2022). The substitution of Fe2+, Mg2+, 

Mn2+ and Zn2+ by Ce3+ in metalloproteins has also been observed (Prejanò et al., 2017; 

Prejanò et al., 2020). As a consequence, Ce3+ interferes with various biological processes for 

example by blocking the active transport of calcium across mitochondrial membranes 

(Evans, 2013) or the calcium channels in neurons (Beedle et al., 2002).  

Focusing on the brain, astrocytes are the first cells in the brain to encounter NPs or cerium 

compounds that have crossed the blood-brain barrier (Cupaioli et al., 2014; Kadry et al., 

2020). Moreover, these cells are considered as major regulator in the brain as they control 

the import and export of substances from the plasma (Verkhratsky et al., 2015), supply 

metabolites and gliotransmitters for neuronal function (Verkhratsky and Nedergaard, 
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2018) and modulate extracellular ion homeostasis (van Putten et al., 2021). In particular, 

astrocytes have been shown to accumulate and export ionic copper (Scheiber et al., 2010; 

Scheiber et al., 2012) and take up DMSA-coated copper- (Bulcke and Dringen, 2016), silver- 

(Hohnholt et al., 2013) and iron-oxide nanoparticles (Petters et al., 2014). Therefore, 

astrocytes could be an important target for DMSA-CeONPs when administered as 

therapeutics for neuroprotection. 

Astrocytes also release significant amounts of lactate to the extracellular space. Although its 

role has not yet been fully elucidated, lactate is thought to serve as energy substrate during 

high neuronal synaptic activity (Li et al., 2023). Astrocytes exhibit unique metabolic profile 

in the brain, such as their marked glycolytic phenotype (Almeida et al., 2023), which enables 

the conversion of glucose via glycolysis four-to fivefold faster than in neurons (Herrero-

Mendez et al., 2009). Lactate generation is tightly coupled to the proper functioning of the 

brain. A significant increase in glycolytic rates in astrocytes has been linked to neurological 

conditions in which these cells show dysfunction, such as, Alzheimer’s disease (AD), 

Parkinson’s disease (PD), or Huntington´s disease (Chen et al., 2023; Shirbandi et al., 2023; 

Yang et al., 2024).  

In addition to trafficking, storing substances and complement the energetic demands of the 

brain, astrocytes largely regulate the presence of ROS in the brain (Verkhratsky and 

Nedergaard, 2018). An excess of ROS has been shown to cause astrogliosis (Swanson et al., 

2004), which includes cytoplasmic swelling and vacuolation, lipid peroxidation and nuclear 

alterations leading to apoptosis (Ishii et al., 2017). On the other hand, a strong inhibition of 

ROS production, can also entail negative consequences on the metabolism of the cells, as 

ROS exert a signaling function in the regulation of different physiological responses in 

astrocytes such as glucose metabolism (Vicente-Gutierrez et al., 2019) or oxygen 

homeostasis (Marrif and Juurlink, 1999; Mansfield et al., 2005; Véga et al., 2006; Allen et al., 

2020). 

As CeONPs, or the cerium ions leaking from the NPs, have the potential to affect the 

functioning of brain cells by interfering with ROS balance and ultimately with the 

metabolism of the cells, it is imperative to test the potential effects of introducing these 

active redox species into the system. Previously, it was shown that DMSA-CeONPs did not 

affect the viability of astrocytes, although such NPs were efficiently taken up by the cells. 

Herein, the consequences on the glucose metabolism of exposing cultured astrocytes to 

DMSA-CeONPs and ionic cerium were investigated.  
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Materials and methods 

Materials  

Cerium oxide nano-powder (<25 nm by Brunauer-Emmet-Teller analysis), cerium (III) 

chloride heptahydrate, 2, 3-dimercaptosuccinic acid (DMSA), deferoxamine mesylate (DFx), 

antimycin A (AA), H2O2 for ultratrace analysis, sodium chloride and 2-mino-2 

(hydroxymethyl)-1,3-propanediol (Trizma base) were purchased from Sigma-Aldrich 

(Steinheim, Germany). Cerium (IV) sulfate tetrahydrate and CoCl2 were acquired from 

Merck (Darmstadt, Germany). Dulbecco´s modified Eagle´s medium was (DMEM, containing 

25 mM glucose) from Gibco (Karlsruhe, Germany). Fetal calf serum (FCS) and 

penicillin/streptomycin solution were obtained from Biochrom (Berlin, Germany). Bovine 

serum albumin (BSA) and nicotinamide adenine dinucleotide (NADH) were purchased from 

Applichem (Darmstadt, Germany). Cerium dioxide standard (1000 µg mL-1, v/v) for 

inductively coupled plasma optical emission spectrometry (ICP-OES) analysis was obtained 

from Inorganic Ventures (Virginia, USA) and dimethyloxalylglycine (DMOG) from Cayman 

Chemical (Ann Arbor, USA). 24-well cell culture plates and 96-well plates microtiter plates 

were purchased from Sarstedt (Nümbrecht, Germany). 

Coating of CeONPs dispersions with DMSA  

A 100 mM dispersion of colloidal uncoated CeONPs (Un-CeONPs) was prepared as stock 

solution by stirring the nano-powder in pure water for 15 min and ultrasonicated on ice two 

times in 5 minutes intervals at 50 W with a Branson B-12 sonifier (Danbury, Connecticut, 

USA). In parallel, a 5 mM DMSA aqueous solution was prepared at 65°C in a covered beaker 

under stirring for 15 min and left to cool down until reaching room temperature (RT). 

Afterwards, for the preparation of 20 mM DMSA-CeONPs, 5 mL of the 5 mM DMSA solution 

was added to 10 mL of a 29 mM dilution in H2O of the stock CeONPs dispersion. After 15 

min of additional stirring at RT the dispersion was collected and centrifuged for 10 min at 

1500g and the supernatant was discarded. Subsequently two cycles of washing were 

completed by washing with 15 mL pure water the pellet containing the DMSA-CeONPs and 

discarding the washing solution after 10 min centrifugation at 1,500g. The resulting CeONPs 

pellet was finally dispersed in 15 mL pure H2O and sonicated twice with the same settings 

mentioned before. The DMSA-CeONPs dispersion was stored at 4°C and sonicated for 5 min 

with the above described settings prior to any further use. 
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Characterization of DMSA-CeONPs 

DMSA-CeONPs dispersions (1 mM) in water and different culture media were characterized 

for their hydrodynamic diameter, polydispersity index and zeta potential (ζ-potential). 

These parameters were determined by dynamic and electrophoretic light scattering (DLS, 

ELS) in a Beckman Coulter (Krefeld, Germany) Delsa™ Nano C Particle analyzer at RT as 

previously described (Bulcke et al., 2014). 

Preparation of CeCl3 and Ce(SO4)2 solutions 

Two different salts of cerium were also used to test whether the effects observed in the 

glucose metabolism of astrocyte-rich primary cultures (APCs) were specific to cerium 

presented in NP form. A 20 mM stock solution of cerium (III) chloride heptahydrate and 

cerium (IV) sulfate tetrahydrate were prepared in pure water and stored at 4°C until used. 

Afterwards, they were diluted in culture medium to obtained the desired final 

concentrations. 

Astrocyte cultures 

The preparation of the cultures was performed in accordance with the legal regulations 

dictated by the Bundesministerium für Ernährung und Landwirtschaft included in the 

Tierschutzgesetz (reissued on the 18.05.2006) and later modifications. The maintenance of 

the animals and their utilization with research purposes were approved and supervised by 

the local animal care committee, Senatorische Behörde of Bremen (Germany). 

APCs were successfully obtained from the full brains of newborn Wistar rats within the first 

24 h after birth and being naturally fed. The cultures were prepared as initially described 

by Hamprecht and Löffler (1985) using a slight modification (Tulpule et al., 2014). Briefly, 

the full brains were extracted after decapitation and mechanically dissociated, 

consecutively, through two nylon meshes of 210 and 132 µm pore diameter to eliminate 

blood vessels and singularize cells. For seeding, 1 mL culture medium containing 

approximately 3x105 viable cells was transferred into wells of 24-well cell culture plates. 

The cell culture medium was renewed every 7th day. The age of the cultures used for the 

experiment described in this manuscript was between 15 and 28 days.  

Experimental incubation of cells 

For cell experiments, the culture medium was completed aspirated and the cells were 

washed twice with 1 mL of pre-warmed DMEM + 10% FCS for incubations ≥ 24 h (long 
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incubations) or they were washed twice with 1 mL physiological incubation buffer (IB; 1.8 

mM CaCl2, 1 mM MgCl2, 5.4 mM KCl, 145 mM NaCl, 20 mM HEPES, 5 mM D-glucose; pH 7.4) 

containing 0.5 mg mL-1 bovine serum albumin (IB-BSA) for incubation periods under 24 h 

(short incubations). Subsequently, the cells were incubated for the indicated time periods 

at 37°C in the humified atmosphere of an incubator with CO2 supply for longer incubations 

and without CO2 for short incubations. The adequate volume of culture medium or 

physiological buffer containing the different cerium compounds in the concentrations 

needed are given in the legends of the figures and tables. To end the incubations, if not stated 

otherwise, the incubation medium was harvested and the cells were washed twice with 1 

mL ice cold (4°C) phosphate-buffered saline (PBS; 10 mM potassium phosphate buffer pH 

7.4 containing 150 mM NaCl) and dry cells were lysed as described below for the 

determination of LDH activity or stored at -20°C until subsequent quantification of cerium 

and/or protein contents. 

To test for potential mitochondrial respiration impairment by DMSA-CeONPs, APCs were 

pre-incubated for 72 h without or with 1 mL 300 µM DMSA-CeONPs in DMEM + 10% FCS. 

As the 72-h expired, the pre-incubation media was aspirated and the cells were twice 

washed with 1 mL pre-warmed (37°C) IB. Subsequently the cells were incubated in the 

presence or absence of 250 µL 10 µM antimycin A (AA) in IB for 2 and 4 h.  

To investigate the potential hypoxia caused by DMSA-CeONPs, APCs were incubated for 4, 

24 and 72 h without or with 300 µM DMSA-CeONPs in the absence or the presence of 1 mM 

deferoxamine (DFx), 1mM dimethyloxaloylglycine (DMOG) or 200 µM CoCl2 in DMEM + 

10% FCS. After the completion of the incubation time, the extracellular medium was 

collected. 

Determination of cell viability 

Cell vitality was assessed by quantification of the activity of the cellular LDH. Briefly, after 

the indicated incubation, cells were washed twice with pre-warmed (37°C) DMEM + 10% 

FCS (longer incubations) or with IB-BSA (short incubations) and lysed with 1% (v/v) Triton 

x-100 in 1 mL or 200 µL, respectively, of the corresponding incubation medium for 30 min 

at 37°C. After the lysis, 10 µL of the lysate was diluted with 170 µL LDH buffer (80 mM Tris, 

200 mM NaCl, pH 7.2) in a well of a 96-well microtiter plate. The photometric determination 

of the LDH activity was performed at 340 nm as previously described by Tulpule et al. 

(2014). 
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Determination of extracellular glucose and lactate concentrations 

Two different coupled enzymatic test systems containing lactate dehydrogenase plus 

glutamate pyruvate transaminase and hexokinase plus glucose- 6- phosphate 

dehydrogenase were used to quantify extracellular lactate and glucose concentrations, 

respectively, as described in detail before (Tulpule et al., 2014). In the particular case of 

incubations with AA, media samples of 10 µL were taken for each timepoint of the ongoing 

incubation to quantify the concentration of extracellular lactate and glucose. Glucose 

consumption was defined as the difference between the glucose concentration determined 

in the initial medium applied and the glucose concentration in the medium harvested after 

a given incubation. 

Protein content determination  

The cells in 24-well plates were lysed in 400 µL 500 mM NaOH, harvested and this lysate 

was used to determine cellular contents of protein and cerium. The protein contents were 

analyzed according to the Lowry method (Lowry et al., 1951), using BSA as a standard. 

Quantification of cellular cerium content by ICP-OES  

For the quantification of cellular cerium content, the NaOH-lysates of the cells were 

incubated with 1.2 mL of 65% HNO3 (suprapur) and 0.2 µL of 35% H2O2 (suprapur) at 65°C 

for 240 min and then at 85°C overnight, until the digestion was completed. Digestions were 

carried out in 2 mL Eppendorf cups which remained open to allow the samples to dry. Dry 

residues of three replicates were pooled and resuspended in a total volume of 4 mL of 2% 

HNO3. The subsequent quantification of cerium was carried out in close collaboration with 

Dr Fröllje (Geochemistry and Hydrogeology Department, University of Bremen). The cerium 

content was measured by inductively coupled plasma–optical emission spectrometry (ICP-

OES) using a Perkin Elmer Optima 7300 DV instrument (Waltham, Massachusetts, USA). The 

cerium standards used for the calibration and quality controls were dissolved in extract of 

cells which had never been exposed to cerium but were digested following the same 

procedure as the samples obtained for the different treatments. The emission wavelength 

chosen for cerium determination was 413.764 nm. The specific cellular cerium content was 

calculated by normalizing the total cellular cerium content per well to the cellular protein 

content of the respective well. 
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Statistical analysis and presentation of data 

All data are presented as means ± standard deviation (SD) of values obtained in experiments 

on three independently prepared cultures, if not stated otherwise. Statistical analysis of 

data from multiple sets of results was carried out by ANOVA followed by the Bonferroni 

post-hoc test, using the software SigmaPlot (version 11.0). Significant differences compared 

to the control were indicated in the figures by asterisks. The number of asterisks specifies 

the level of significance with *p<0.05, **p<0.01 and ***p<0.001. Similarly, significant 

differences between treatments are depicted as hashes in the figures and the number of 

hashes corresponds with the level of significance (#p<0.05; ##p< 0.01, ###p< 0.001). 

Values of p> 0.05 were considered as not significant. 

Results  

Characterization of DMSA-CeONPs. 

DMSA-CeONPs are agglomerates of crystalline primary NPs. Average size of the primary NPs 

is approximately 25 nm determined by TEM (see chapter 2.1). Dispersed in DMEM+10% 

FCS, the DMSA-CeONPs used for the experiments presented here, showed a mean 

hydrodynamic diameter of 267 ± 12 nm and a ζ-potential of -13.4 mV (Table 1). 

Table 1. Characterization of DMSA-CeONPs. 

 
Hydrodynamic 

diameter (nm) 

Polydispersity 

index 

ζ-potential 

(mV) 
n 

H2O 166 ± 4 0.131 ± 0.02 -28.4 ± 2.3 3 

DMEM+10% FCS 267 ± 12 0.175 ± 0.03 -13.4 ± 0.8 3 

IB-BSA 220 ±7 0.242 ±0.04 12.7 ±1.1 3 

DMSA-CeONPs were synthesized and the hydrodynamic diameter, polydispersity index and 
ζ-potential of 1 mM dispersions in water, IB-BSA or in DMEM + 10 % FCS were determined. 
The data represent means ± SD of values obtained in three experiments on n independent 
CeONPs syntheses.  

DMSA-CeONPs accelerated the glycolytic flux in APCs. 

To investigate whether the exposure to DMSA-CeONPs alters the glucose metabolism of 

astrocyte-rich primary cultures, a time- and concentration-dependency study was carried 
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out and the extracellular LDH activity (Fig. 1a,c), lactate release (Fig. 1b,e) and glucose 

consumption (Fig. 1c,f) were determined.  
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Figure 1. Time and concentration dependent effect of DMSA-CeONPs on the glycolytic 
flux in cultured astrocytes. The cells were incubated for up to 4 days with or without 
DMSA-CeONPs in DMEM + 10% FCS. For the indicated timepoints the extracellular LDH (a, 
d), the extracellular lactate concentration (b, e) and the glucose consumption (c, f) were 
determined. The data shown are means ± SD of values obtained in 3 experiments on 
independently prepared cultures (n=3). The initial cellular LDH activity values correspond 



 
 

111 
 

to 125 ±13 nmol min-1 well-1. The significance of differences (ANOVA) of data compared to 
those obtained for incubations in the absence of DMSA-CeONPs (0 µM) is indicated by 
asterisks in the respective symbol colour (*p<0.05), **p<0.01, ***p<0.001). 

The cells were incubated up to four days without (control, 0 µM) or with 30, 100 or 300 µM 

DMSA-CeONPs (Fig. 1a-c). Additionally, to have a better insight into the concentration 

dependency, the cells were incubated for three days with a wider range of DMSA-CeONPs 

concentrations, including also 10, 500, 700 and 1000 µM DMSA-CeONPs for this particular 

timepoint (Fig. 1d-f). The incubation with DMSA-CeONPs did not cause any significant 

damage to the cellular membrane for any of the concentrations tested over the four days in 

comparison to the control. For all the conditions studied, the extracellular LDH activity 

remained under 20%, ruling out any prominent side effect due to toxicity (Fig. 1 a,d).  

The extracellular lactate concentration increased almost linearly over time for all conditions 

studied (Fig. 1b,e). After three days of incubation, the cells treated with 100 µM or more 

DMSA-CeONPs had released significantly more lactate to the extracellular space than the 

control cells, in a concentration-dependent manner (Fig. 1e). The maximal increase in 

extracellular lactate accumulation was determined after four days of incubation with 300 

µM DMSA-CeONPs, showing almost two-times the lactate concentration of cells not exposed 

to DMSA-CeONPs (Fig. 1e).  

An increase in the consumption of glucose compared to the control was also observed after 

three days of incubation with DMSA-CeONPs and significant differences were found for 

concentrations of 100 µM and higher (Fig. 1c,f) ~due to analytical reasons, which will be 

discussed later in the discussion, after three days of incubation only cells incubated with 

300 µM consumed significantly more glucose than the cells not exposed to DMSA-CeONPs 

(Fig. 1c). Cells treated with 300 µM DMSA-CeONPs for four days consumed ~50% more 

glucose than control cells (Fig. 1c). 

Increased glycolytic flux persisted after removing the DMSA-CeONPs by washing 

To investigate whether the observed stimulation of glycolytic flux by DMSA-CeONPs 

required the extracellular presence of DMSA-CeONPs to persist, the cultures were pre-

incubated for 3 days in DMEM+ 10% FCS in the absence (control, 0 µM) or the presence of 

300 µM DMSA-CeONPs, washed and subsequently main incubated at 37°C for 240 min in a 

DMSA-CeONPs free-incubation buffer (Fig. 2a, c) or in the presence of 300 µM DMSA-

CeONPs (Fig. 2b,d). 



 
 

112 
 

 

Figure 2. Test for the acute and persistence of the effect of DMSA-CeONPs on the 
glycolytic flux in cultured astrocytes. The cells were pre-incubated (Pre-inc) without or 
with 300 µM DMSA-CeONPs in DMEM + 10% FCS for 3 days. Afterwards the cells were 
washed two times with IB-BSA and further main incubated (Main-inc.) without (black filled 
triangles) or with 300 µM DMSA-CeONPs (red filled triangles) in IB-BSA for up to 4 h. The 
cells which had been pre-incubated and subsequently main incubated without DMSA-
CeONPs (black filled circles) were considered as the control.  The extracellular lactate 
content (a, b) and the extracellular LDH activity (c, d) were determined. The data shown 
are means ± SD of values obtained in 3 experiments on independently prepared cultures 
(n=3). The significance of differences (t-test) of data compared to those obtained for 
incubations in the absence of DMSA-CeONPs (0 µM) is indicated by asterisks in the 
respective symbol colour (*p<0.05, **p<0.01, ***p<0.001). In (c, d) the red solid line 
represents the intracellular LDH activity of non-treated cells at the moment of starting the main 
incubation (initials) and the red dotted lines are the associated standard deviation. 

Already 1 h exposure to DMSA-CeONPs induced later effects in the glycolytic flux. 

To test the minimal exposure time to trigger a persistent acceleration in the glycolytic flux 

in APCs, cells were incubated with 300 µM DMSA-CeONPs for 1, 4, 24 or 72 h, washed (Fig. 

3a,c) and subsequently incubated in cerium free DMEM+10% FCS for the remaining time 
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until reaching 72 h after the start of the exposure (Fig. 3b,d,e). After each particular 

exposure time and after the completion of the 72-h experiment, the extracellular lactate 

content (Fig. 3a,b) and the glucose consumption (Fig. 3c,d) were determined. The cellular 

cerium content was determined after 72 h of the start of the exposure (Fig. 3e).  

The extracellular lactate concentration right after 1 h exposure of the cells to DMSA-CeONPs 

was significantly (p<0.05) increased compared to the control (Fig. 3a). However, after 4 h 

exposure, the extracellular lactate concentration did not significantly differ from the control 

(Fig. 3a). After 24 of exposure to DMSA-CeONPs the extracellular lactate concentration was 

again significantly (p<0.001) increased (Fig. 3a). Such exposure resulted in a three-fold 

increase in lactate release after 24 h and the significant difference persisted until the 

completion of the 72 h exposure (Fig. 3a). Once the indicated exposure times finished, the 

cells were washed and incubated in DMSA-CeONPs free fresh DMEM+10%FCS until the 

completion of 72 h. Remarkably, already 1 h incubation with DMSA-CeONPs, caused a 

significant increase in lactate release (i.e. 33% over the control) measurable in DMSA-

CeONPs free medium after 72 h since the incubation started (Fig. 3b). The same effect was 

determined when the CeONPs-exposure lasted 4 or 24 h (Fig. 3b). 

The increase in extracellular lactate concentration was matched by the correspondent 

increase in glucose consumption after exposure and at the completion of the 72 h. In this 

line, the presence of DMSA-CeONPs caused a significant increase to doubling in glucose 

consumption after 24 h. Incubation times under 24 h did not give any significant difference 

(Fig. 3c). However, short exposures of 1 or 4 h produced effects in glucose consumption 

which were detectable after 72 h from the start of the exposure (Fig. 3d). The cells which 

had been exposed to DMSA-CeONPs and then incubated in NPs-free medium consumed 

approximately 40% more glucose than cells which had never been exposed to NPs (Fig. 3d). 

The specific cellular cerium content after completing 72 h experiment was determined (Fig. 

3e) and demonstrated a linear increase with exposure time. A specific cellular cerium 

content of 1.2 ± 0.1 nmol/well, as observed in cells exposed for 1 h, seemed to be sufficient 

to trigger a stimulation of glycolytic lactate production of APCs (Fig. 3e).  
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Figure 3. Test for the minimal incubation time required to induce later effects in the 

glycolytic flux by DMSA-CeONPs. Astrocytes were exposed to none (0 µM) or 300 µM 

DMSA-CeONPs in DMEM+10% FCS for 1, 4, 24 and 72 h, washed and subsequently incubated 

for the remaining time until reaching 72 h after the start of the exposure to the NPs. For the 

exposure timepoints and after completing 72 h after the start of the incubation, the 

extracellular lactate concentration (a, b) and the glucose consumption (c, d) were 

determined. Cellular cerium content (e) was determined at the end of the experiment. The 

data represent mean ± SD of values obtained in 3 experiments on independently prepared 

cultures (n=3). The significance of differences between data obtained for cultures at the end 

of the exposition as well as at the completion of the 72 h (calculated by t-test) is indicated 

by asterisks (*p<0.05, **p<0.01, ***p<0.001). 



 
 

115 
 

CeCl3 accelerated the glycolytic flux in APCs. 

To test whether the acceleration in the glycolytic flux only occurs when cerium is applied in 

the form of NPs, cells were incubated with two different salts of cerium (300 µM CeCl3 or 

Ce(SO4)2), in which cerium exhibits a different oxidation state (Ce3+ or Ce4+ respectively) or 

with 300 µM DMSA-CeONPs as positive control. A negative control was also included (none), 

where no cerium was added to the incubation medium (Fig. 4).  

Extracellular lactate (Fig. 4a) and glucose consumption (Fig. 4c) were determined for 1, 2, 3 

or 4 days of incubation. To discard any side effect due to toxicity, the extracellular LDH 

activity was monitored (Fig. 4e). Additionally, and to obtain a better insight into the 

concentration dependency, cells were incubated for three days with 0, 100, 300, 500, 700 

or 1000 µM of the respective cerium compounds and the extracellular lactate and the 

glucose consumption were determined (Fig. 4b,d). The specific cellular cerium content after 

three days was quantified for the treatments without or with 300 and 700 µM cerium (Fig. 

4f).  

Treatment of APCs with different cerium compounds for up to four days did not 

compromise cells membrane integrity, as indicated by the extracellular LDH activity that 

remained comparable to the one of cultures not exposed to cerium (Fig. 4e). Consistent with 

the results shown previously, after 48 h of incubation in the presence of 300 µM DMSA-

CeONPs, the extracellular lactate accumulation was increased by ~24% compared to the 

control (Fig. 4a). A 48 h incubation with 300 µM CeCl3 produced an identical up-regulation 

in lactate release (~25%) (Fig. 4a). In contrast, incubation with 300 µM Ce(SO4)2 for two 

days produced a significant reduction (~16%) in extracellular lactate accumulation. The 

increase in extracellular lactate after three days was of 22% and 28% for CeCl3 and DMSA-

CeONPs, respectively, and after four days a slight decline was recorded (15% for both 

compounds) (Fig. 4a). Glucose consumption was not significantly altered with the different 

treatments (Fig. 4c). 
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Figure 4. Comparison between the glycolysis stimulating effect of DMSA-CeONPs and 
cerium salts. Astrocytes were incubated without or with 300 µM CeCl3, Ce(SO4)2 or DMSA-
CeONPs in DMEM +10% FCS for up to 4 days (a, c, e) or with the indicated concentration of 
the respective compounds for 3 days (b, d, e). The extracellular lactate concentration (a, b), 
the glucose consumption (c, d), the viability (e) and the cerium content (f) were 
determined. The data represent mean ± SD of values obtained in 3 experiments on 
independently prepared cultures (n=3). The significance of differences (ANOVA) of data 
compared to those obtained for incubations in the absence of cerium (0 µM) is indicated by 
asterisks in the respective symbol colour (*p<0.05), **p<0.01, ***p<0.001). Differences 
between the salts and the DMSA-CeONPs were determined by Bonferroni post-hoc analysis 
and are depicted as hashes in the respective symbol colour (#p<0.05; ##p< 0.01, ###p< 
0.001) (a, c, f). In (c) the red solid line represents the intracellular LDH activity of non-
treated cells at the moment of starting the incubation (initials) and the red dotted lines are 
the associated standard deviation. 
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Regarding three days incubations with higher concentrations of cerium, a significant 

increase in extracellular lactate concentration was observed (Fig. 4b). For DMSA-CeONPs 

and CeCl3 a further increase in concentration led to an increase in the extracellular lactate 

concentration (Fig. 4b). In contrast, Ce(SO4)2 in a concentration above 300 µM did not lead 

to any significant change in lactate release compared to the control (Fig. 4b). An increase in 

glucose consumption took place for incubations with 500 µM CeCl3 or more but the results 

did not reveal any sustained difference compared to cells incubated with DMSA-CeONPs or 

Ce(SO4)2 (Fig. 4d). The specific cellular content of cerium after three days of incubation with 

DMSA-CeONPs showed a strong and more effective (p<0.001) accumulation of cerium 

compared to cells exposed to CeCl3 or Ce(SO4)2. (Fig. 4f). In detail, exposure to DMSA-

CeONPs caused an approximately 16-fold increase in specific cellular cerium content in 

comparison to incubations with cerium salts when 300 µM were added. This difference was 

reduced to ~ 3-fold when the cells were treated with 700 µM cerium salts (Fig. 4f). 

Study of the potential impairment of the mitochondrial respiratory chain by DMSA-

CeONPs. 

An increase in lactate release and glucose consumption in astrocytes has been previously 

reported for conditions where the respiratory chain was inhibited or blocked (Slater, 1973; 

Pauwels et al., 1985; Scheiber and Dringen, 2011). Therefore, the inhibition of the 

respiratory chain in astrocytes preincubated with 300 µM DMSA-CeONPs over three days 

was investigated. Cells were preincubated as previously described and then washed twice 

with IB and incubated in 200 µL IB in the absence (-AA) or presence (+AA) of 10 µM AA for 

2 and 4 h. After the completion of each timepoint, extracellular lactate concentration, 

glucose consumption and extracellular LDH activity were determined. Inhibition of the 

oxidative phosphorylation by AA, increased lactate release and glucose consumption 

approximately 2-fold (p<0.001) (Fig. 5a, b). Cells which had been pre-incubated with DMSA-

CeONPs and incubated in IB in the absence or presence of AA, did not show increased 

extracellular lactate concentration (Fig. 5a) after 4 h and no alteration in glucose 

consumption (Fig. 5b). Extracellular LDH activity was below 20% compared to the 

intracellular LDH activity of non-treated cells at the moment of starting the incubation with 

AA (initials) for the conditions tested (Fig. 5c).  
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Figure 5. Effects of the mitochondrial respiration chain inhibitor AA on the induced 
DMSA-CeONPs stimulation of lactate release (a) and glucose consumption (b). 
Cultured astrocytes were pre-incubated without or with 300 µM DMSA-CeONPs for 72 h. 
The extracellular lactate content and glucose consumption were determined after washing 
the DMSA-CeONPs away and after incubation of the cells in the absence or presence of 10 
µM AA for 2 and 4 h respectively. The difference of the data for AA-treated cells compared 
to the respective controls (absence of AA) was highly significant for all the conditions 
(p<0.001, not depicted in the figure). There was not significance of differences in the data 
between cells treated with or without DMSA-CeONPs. The data represent mean ± SD of 
values obtained in three experiments on independently prepared cultures (n=3). The 
significance of differences of data were investigated by ANOVA and post-hoc test Bonferroni. 
Values of p> 0.05 were considered as not significant. In (c) the red solid line represents the 
intracellular LDH activity of non-treated cells at the moment of starting the incubation with 
AA (initials) and the red dotted lines are the associated standard deviation. 

Study of potential hypoxia caused by DMSA-CeONPs in APCs 

Another possible explanation for acceleration of the glycolytic flux in APCs caused by DMSA-

CeONPs, is the stabilization of the transcription factor Hif-1α, which induces increased 

expression of genes that are involved in glucose uptake and glycolysis during episodes of 

local hypoxia (Mansfield et al., 2005). To investigate whether DMSA-CeONPs might have 
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caused local hypoxia or directly stabilized Hif-1α, cultured astrocytes were incubated for 4, 

24 or 72 h without or with 300 µM DMSA-CeONPs in the presence of compounds, which 

have been previously reported to stabilize Hif-1α (i.e. DFx, DMOG or CoCl2) (Epstein et al., 

2001; Mole et al., 2003; Hirota and Semenza, 2005; Rosafio and Pellerin, 2014). The 

incubations without or with DMSA-CeONPs in combination with the different Hif-1α 

stabilizing compounds did not caused any significant disruption of cells membrane for any 

of the timepoints studied (Fig. 6a-c). DMSA-CeONPs caused a significant increase in 

extracellular lactate concentration after 72 h of incubation compared to cells not exposed 

to cerium and stabilizing factors (control) (Fig. 6e,f). After 4 h incubation no effect in the 

extracellular lactate concentration was recorded for any of the treatments applied (Fig. 6d). 

In contrast, 24 incubation with DFx caused a significant increase in extracellular lactate in 

the absence and in the presence of DMSA-CeONPs compared to the control. Similarly, 

astrocytes incubated with DMOG also increased the extracellular lactate significantly (Fig. 

6e). However, cells treated with DMOG and DMSA-CeONPs released less lactate to the 

extracellular space compared to their controls (Fig. 6e). After 72 h incubation, the presence 

of stabilizing factors increased significantly the extracellular lactate concentration 

compared to the control (Fig. 6f). Cells incubated with DMSA-CeONPs and stabilizing factors 

also showed a statistical difference with the control but not compared with cells incubated 

only in the presence of NPs (Fig. 6f). Moreover, the increase in extracellular lactate 

concentration was similar among cells incubated only in the presence of stabilizing factors 

and those with stabilizing factors plus DMSA-CeONPs (Fig. 6f). Therefore, the increase in 

extracellular lactate caused by DMSA-CeONPs was not additive to that caused by Hif-1α 

stabilizing factors (Fig. 6f). 
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Figure 6. Effects in lactate release caused by DMSA-CeONPs and different stabilisers 

of Hif-1α in cultures astrocytes. Cells were incubated for 4 (a, d), 24 (b, e) and 72 h (c, f) 

without (control) or with 300 µM DMSA-CeONPs in the absence or the presence of 1 mM 

DFx, 1 mM DMOG or 200 µM CoCl2 in DMEM +10% FCS. After the completion of the 

incubation time, the extracellular LDH activity (a, b, c) and the extracellular lactate 

concentration (d, e, f) were determined. The data represent mean ± SD of values obtained 

in three experiments on independently prepared cultures (n=3). The significance of 

differences (ANOVA) of data compared to those obtained for incubations in the absence of 

DMSA-CeONPs (control) is indicated by asterisks (*p<0.05), **p<0.01, ***p<0.001). 
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Differences among treatments are indicated by hash marks (###p<0.001) In (a, b, c) the 

red solid line represents the intracellular LDH activity of non-treated cells at the moment of 

starting the incubation (initials) and the red dotted lines are their associated standard 

deviation. 

Discussion 

DMSA-CeONPs upregulated glucose metabolism in cultured rat astrocytes in a time- and 

concentration-dependent manner. Exposure to 300 µM of DMSA-CeONPs for three days 

consistently stimulated the glycolytic flux. In fact, lactate release was consistently 

upregulated in cultured astrocytes after three or four days of incubation with 

concentrations of DMSA-CeONPs of 30 µM or higher, in contrast, increased glucose 

consumption was only detected when the concentration of DMSA-CeONPs was 300 µM or 

higher. The discrepancy between the minimal concentration of DMSA-CeONPs that caused 

a detectable stimulation of lactate release and glucose consumption may be explained by an 

analytical limitation. The culture media contained 25 mM of glucose and therefore, the 

samples had to be diluted 1:5 prior to glucose determination. The differences between the 

initial and final glucose concentrations in the culture medium for the control and the lowest 

DMSA-CeONPs concentration tested were relatively small and therefore subject to a large 

variation, which may have hindered the establishment of statistical differences for such 

values.  

Cultured astrocytes incubated with DMSA-CeONPs showed an increase in extracellular 

lactate concentration even after removal of the NPs from the medium, suggesting that the 

effect is persistent and may be exerted by the internalized DMSA-CeONPs. This observation 

excludes a major contribution from extracellular NPs or cell surface phenomena. Incubation 

times as short as 1 h were sufficient to elicit a significant and sustained stimulation of lactate 

release, detectable even 72 h after the start of incubation. 

Whether the stimulation of the glycolytic flux was attributable to the “NP-effect” or to the 

presence of cerium was also investigated. CeCl3 also stimulated astrocytic glycolysis in a 

time- and concentration-dependent manner, as indicated by the approximately 1.75-fold 

increase in extracellular lactate concentration after three days of incubation compared to 

the control. Ce(SO4)2 significantly increased extracellular lactate only after 3 d incubation 

with 300 µM. 

Cerium caused a shift in the ratio of lactate production to glucose consumption in cultured 

astrocytes. The cells showed a high ratio of extracellular lactate concentration to glucose 



 
 

122 
 

consumption i.e. 1.8 for the cells treated with DMSA-CeONPs, 1.6 for CeCl3 and 2.0 for 

Ce(SO4)2, after three days of incubation in the presence of 300 µM of the respective cerium 

compounds. In the absence of cerium, the ratio showed a value of 1.3. Such increase of the 

ratio usually indicates a mitochondrial impairment and predominant ATP production via 

glycolysis (Scheiber and Dringen, 2011; Westhaus et al., 2017). In the case of 300 µM DMSA-

CeONPs, the concentration-dependent increase in extracellular lactate correlated well with 

the increase in cellular specific cerium content, indicating that an elevated cellular cerium 

content (103.4 ± 21.5 nmol well-1) is connected with the stimulation of the glycolytic flux in 

cultured astrocytes. In the case of CeCl3 and Ce(SO4)2, cerium internalization was 

significantly reduced compared to DMSA-CeONPs (6.2 ± 1.3 and 6.6 ± 1.4 nmol well-1, 

respectively). Therefore, CeCl3, despite the lower uptake, induced the same effect as DMSA-

CeONPs, suggesting that the stimulation of the glycolytic flux could be due to the Ce3+ ions 

released from the NPs and not to the cerium presented in the form of NPs. This is consistent 

with the observation that a treatment with 100 µM copper oxide NPs (CuONPs) in cultured 

astrocytes stimulated the glycolytic flux, and simultaneously caused a significant elevation 

in cellular glutathione and metallothionein synthesis (Bulcke and Dringen, 2015). The 

authors pointed out that copper ions released from the NPs were most likely responsible 

for these alterations, however, the ultimate mechanism was not elucidated. Interestingly, in 

the present study, 700 µM of Ce(SO4)2 was taken up by the cells at a similar or even slightly 

higher rate than 700 µM CeCl3 after three days of incubation. However, the extracellular 

lactate concentration decreased sharply when cells were incubated with Ce(SO4)2 at 500 µM 

or higher concentrations. Ce4+, when dissolved in aqueous solutions, tends to undergo 

hydrolysis when it is not dissolved in acidic conditions and/or at high concentrations 

(Jakupec et al., 2005; Williams and Grant, 2019). Therefore, although a similar uptake was 

observed, the absence of stimulation of the glycolytic flux could be explained by the 

chemical modification of the media. 

Recent studies, under similar experimental conditions to the presented herein, have also 

reported a stimulation of the glycolytic flux in cultured astrocytes by a wide spectrum of 

xenobiotic compounds e.g. formaldehyde (Tulpule et al., 2013), arsenicals (Dringen et al., 

2016), metformin (Hohnholt et al., 2017; Westhaus et al., 2017), 8-hydroxy efavirenz 

(Arend et al., 2016), CuCl2 (Scheiber and Dringen, 2011). Two main causes have been 

hypothesized to explain the metabolic up-regulation of glycolytic flux in cultured astrocytes: 

Inactivation of the mitochondrial respiratory chain (Tulpule et al., 2013; Arend et al., 2016; 

Dringen et al., 2016; Hohnholt et al., 2017; Westhaus et al., 2017) or inactivation of the 

pyruvate dehydrogenase α-subunit (Scheiber and Dringen, 2011). 
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Pre-incubation of cultured astrocytes with DMSA-CeONPs followed by the incubation with 

AA, an inhibitor of the respiratory complex III, aimed at elucidating the potential 

inactivation of the mitochondrial respiratory chain by DMSA-CeONPs. While treatment with 

AA resulted in a doubling in extracellular lactate concentration, pre-incubation without or 

with DMSA-CeONPs had no further effect. These results could not reproduce the persistent 

increase in extracellular lactate concentration observed in cells preincubated for 72 h with 

DMSA-CeONPs and incubated for up to 4 h in NPs-free IB-BSA. The absence of BSA in the 

incubation with AA was the only difference in the conditions compared to the test for the 

persistence of the effects induced by DMSA-CeONPs. Albumin has been known to cause the 

disinhibition of pyruvate dehydrogenase (Tabernero et al., 1999), and therefore, increase 

lactate release. Furthermore, albumin is present at very low concentrations in cells of the 

adult brain (Ahn et al., 2008) and only increases during pathological conditions, including 

hypoxic episodes (Plateel et al., 1997). A possible explanation is that internalized DMSA-

CeONPs may facilitate the uptake of albumin, if present in the medium, by causing local 

hypoxia and may at least partly account for the persistent increase in extracellular lactate. 

However, the inability to reproduce the mentioned increase in extracellular lactate 

concentration due to DMSA-CeONPs under these experimental conditions prevented an 

accurate assessment of the potential inhibition of the mitochondrial respiration. 

Contradictory results concerning the effect of CeONPs on mitochondrial respiration in 

different cell types have been reported: CeONPs have been described to reduce (Datta et al., 

2020; Gutiérrez-Carcedo et al., 2020) or, on the contrary, to maintain or increase (Chen et 

al., 2013; Arya et al., 2014) mitochondrial membrane potential. In a recent study, human 

primary fibroblasts were incubated with 100 µg mL-1 of CeONPs for 24 and 72 h and the 

single contribution of glycolytic ATP generation and oxidative ATP production were 

investigated. A significant increase of the total amount of ATP, and remarkably of both 

glycolytic and mitochondrial ATP-specific contributions was recorded (Pezzini et al., 2017). 

The mechanism for the observed increase in the overall respiratory activity also remained 

unclear but the authors hypothesized that the ROS scavenging activity of the CeONPs led to 

a decrease in cardiolipin and cytochrome c oxidase which was translated in an enhancement 

of respiration after 24 h incubation. The incubation time needed to observe a significant 

increase in glycolytic ATP generation correlates well with the incubation time needed to 

record an increase in lactate release in the present study (48 h). However, DMSA-CeONPs 

seem, if at all, to inhibit the mitochondrial activity rather than up-regulate it, as it can be 

inferred from the ratio lactate/glucose obtained in the time-dependency experiments. Some 

explanation for this disparity could be due to differences in the nominal size of the CeONPs 
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(Ma et al., 2021), the type of cell studied (Chen et al., 2013; Datta et al., 2020) or the absence 

of ROS scavenging activity by DMSA-CeONPs (Arya et al., 2014; Pezzini et al., 2017) (see 

section 2.3).  

An alternative explanation for the observed stimulation of glycolytic flux was also assessed, 

namely the possibility that DMSA-CeONPs caused local hypoxia in cultured astrocytes. 

Stabilization of Hif-1α under normoxic conditions induces the transcription of genes 

involved on glucose uptake and glycolysis in astrocytes and stimulates the glycolytic flux 

(Bruick and McKnight, 2001; Epstein et al., 2001; Jaakkola et al., 2001). Local hypoxia and 

oxidative stress have been identified as stabilizers of Hif-1α (Jung et al., 2008; Movafagh et 

al., 2015; Li et al., 2019). Both, ROS scavenging activity and the pro-oxidant activities of 

DMSA-CeONPs are closely linked to the surface exchange with oxygen (Datta et al., 2020; 

Lord et al., 2021; Dutta et al., 2022). Different chemical Hif-1α stabilizers have been 

investigated in the past. DFx stabilizes Hif-1α by chelating the iron present and thus 

avoiding the interaction with the von Hippel-Lindau protein (VHL), which role is the 

ubiquitylation of Hif-1α for its degradation (Hirota and Semenza, 2005). For cobalt, two 

mechanisms for the stabilization of Hif-1α have been determined. In the first, cobalt 

inactivates prolyl hydroxylase domain containing enzymes (PHDs) by occupying an iron-

binding site (Epstein et al., 2001) and in the second, cobalt impedes the interaction with 

VHL by occupying the VHL-binding domain of Hif-1α and hence preventing its degradation 

(Yuan et al., 2003). In the case of dimethyloxalylglycine (DMOG), the stabilization of Hif-1α 

is also achieved by inhibition of PHDs (Mole et al., 2003; Rosafio and Pellerin, 2014). 

In the present study, incubations for 24 and 72 h of cultured astrocytes with the mentioned 

chemical stabilizers of Hif-1α caused a significant increase in lactate release in comparison 

to the control, indicating an enhancement of the glycolysis. The co-incubation of these 

stabilizers with DMSA-CeONPs resulted in a similar increase of extracellular lactate 

concentration. Additive effects were not observed, suggesting that DMSA-CeONPs may also 

trigger the stabilization of Hif-1α. Astrocytes cope with hypoxia by increasing their 

glycolytic capacity and downregulating ATP requirements (Marrif and Juurlink, 1999; Véga 

et al., 2006; Allen et al., 2020). Upon hypoxia, astrocytes can double their capacity to 

perform glycolysis. In this sense, a rise in extracellular lactate, may reflect an oxygen 

deprivation (Dienel and Hertz, 2005). Shorter incubations (4 h) did not recorded any 

increase in lactate release. It has been reported that stabilization of Hif-1α mediates the 

upregulation of specific isoforms of the glycolytic enzymes i.e. LDH4, LDH5 and pyruvate 

kinase (Marrif and Juurlink, 1999) for what protein synthesis is required, a process that may 
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need of longer incubation times. Additionally, in a preliminary study, the inhibition of 

protein synthesis, assessed by co-incubations with cycloheximide and DMSA-CeONPs, 

abolished the stimulation of lactate release (data not shown), which also points out to the 

involvement of synthesis of proteins for the up-regulation of glycolysis. 

CeONPs have previously been investigated for causing local hypoxia in cells. For example, 

Das et al. (2012) demonstrated that 1 µM CeONPs, with a nominal size between 3-5 nm and 

with an elevated Ce3+/Ce4+
, stabilized Hif-1α in endothelial cells. In this study, the nuclear 

expression of Hif-1α was significantly increased after only 2 h of incubation with CeONPs. 

Differences in exposition times, which caused a significant increase in lactate or in protein 

expression, can be explained by the different analytical indicators employed, lactate release 

requiring further cellular processes and therefore, more time to be detected. Another 

reason, which seems to play a role, is the difference in the type of cells used. In this line, 

(Varlamova et al., 2023) investigated the effects of CeONPs on cortical astrocytes cultured 

under oxygen-glucose deprivation. The authors reported, already prior to the insult, a two-

fold increase in genes regulating Hif-1α expression in astrocytes pre-incubated for 24 h with 

CeONPs. Remarkably, Rosafio and Pellerin (2014) observed that cultured astrocytes 

incubated upon hypoxia with only 1 or 0% of oxygen needed 48 h to significantly increase 

the expression of Hif-1α and 72 h to reach its maximum. These incubation times highly 

correlate with the observations presented herein. 

Das and colleagues (2012) postulated that the elevated presence of Ce3+ in the surface of the 

NPs is associated with a higher number of oxygen vacancies and therefore, caused the NPs 

to act as an oxygen buffer, which first possibly retrieved the cellular oxygen, causing local 

hypoxia. This argument might point out that DMSA-CeONPs contained a high presence of 

Ce3+ ions in their surface and acted as an oxygen buffer too. However, in the case of DMSA-

CeONPs such explanation may require an initial flip-flop from Ce4+ to Ce3+, as DMSA-CeONPs 

were functionalized from commercial CeONPs labeled by the manufacturer as Ce(IV) oxide 

NPs. he fact that CeCl3 elicited the same increase in lactate release as DMSA-CeONPs (Fig. 

4c,d) also questions the suggested mechanism.  

Based on the present results, it is hypothesized that DMSA-CeONPs or most likely cerium 

ions released from the NPs, caused a local hypoxia which lead to an increase in the 

intracellular ROS and, in this way, induced a stabilization of Hif-1α, stimulating the 

glycolysis to assure cell survival. ROS levels are known to rise as a consequence of a fall in 

oxygen availability (Dienel and Hertz, 2005) and are essential for oxygen sensing and 

stabilization of Hif-1α upon moderate hypoxia (Mansfield et al., 2005). It can also be that 



 
 

126 
 

DMSA-CeONPs acted as an oxidant, generated ROS and stabilized Hif-1α, thereby, 

stimulating the glycolysis. Further and more detailed experiments are needed to clarify 

whether DMSA-CeONPs stabilize Hif-1α. However, if this hypothesis is confirmed, it is highly 

likely that cerium is also involved in translation-dependent pathways for Hif-1α 

stabilization. 

Other possible scenario is that DMSA-CeONPs did not generate a significant increase in 

cellular ROS but cerium ions released from the NPs substituted the iron located at the active 

center of the PHDs, impeding the degradation of Hif-1α (Ma et al., 2021). Other metals e.g. 

Cu2+, Co2+ or Cd2+ have been identified as competitors for the iron-binding site in the active 

center of Hif-PHDs (Martin et al., 2005; Osipyants et al., 2018). This other explanation might 

also imply the synthesis of proteins as Hif-1α would migrate to the nucleus, bind to Hif-1β 

and activate the synthesis of proteins. 

As iron chelators have been also observed to inhibit Hif-1α degradation (Wang and 

Semenza, 1993; Weinreb et al., 2013), the DMSA, coating the NPs, could be argued to be the 

cause behind the suggested Hif-1α stabilization. Although DMSA is used as chelator in lead 

poisoning its capacity to chelate iron is very limited (Haust et al., 1989). Moreover, CeCl3 

samples did not contain DMSA, which definitely rules out its participation and points out to 

cerium involvement.  

In summary, DMSA-CeONPs were effectively taken up and caused a severe increase in 

lactate production in cultured astrocytes in a time- and concentration-dependent manner. 

Concerning the incubation time, the effects seem to appear after 48 h incubation. CeCl3 

exerted the same effect although the internalized cerium content was significantly lowered 

in comparison to DMSA-CeONPs-treatments. Two main causes, which justified such 

upregulation in lactate release, were investigated: mitochondrial respiration inhibition and 

local hypoxia. Studies about the inhibition of mitochondrial respiration by DMSA-CeONPs 

were not conclusive. In contrast, DMSA-CeONPs caused a similar lactate release as cells 

treated with stabilizers of Hif-1α. However, the present study lacks the demonstration of 

the specific cellular mechanism involved.  

As CeONPs are being investigated as nanotherapeutics against illnesses causing oxidative 

stress in the brain e.g. AD (Cimini et al., 2012; Dowding et al., 2014; Guan et al., 2016), PD 

(Dillon et al., 2011; Pinna et al., 2015) or ischemia (Estevez et al., 2011; Chen and Gao, 2017), 

this stimulation of the glycolytic flux needs to be further studied and understood. Ultimately, 

an increased lactate production from astrocytes could lead to brain lactic acidosis, which 
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has been linked to impairments of synaptic transmissions and cognitive functions 

(Kaufmann et al., 2004). 
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Abstract 

To investigate the antioxidative potential of cerium oxide nanoparticles (CeONPs), 

commercial CeONPs were coated with dimercaptosuccinate acid (DMSA) and were 

characterized. DMSA-CeONPs had a mean hydrodynamic diameter in aqueous dispersion of 

171 ± 6 nm. Dispersion in incubation buffer containing 0.5 mg L-1 of bovine serum albumin 

(IB-BSA) increased the hydrodynamic diameter to 234 ± 8 nm and changed the zeta 

potential from -27.4 ± 2.1 mV in water to -13.2± 0.9 mV. DMSA-CeONPs remained stable in 

dispersion for the time and the conditions tested. The extracellular H2O2 scavenging 

potential of DMSA-CeONPs was determined by incubating the NPs in IB containing 0.5 mg 

ml-1BSA (IB-BSA) in the presence or absence of 100 µM H2O2 for up to 24 h. Presence of 

DMSA-CeONPs significantly removed H2O2 from the media in a concentration- and time-

dependent manner with a half-time of 12 h. DMSA coating did not affect the antioxidant 

activity of CeONPs, as identical results were obtained for uncoated CeONPs (Un-CeONPs). 

However, ionic cerium reacted more effectively with H2O2, as Ce4+ removed H2O2 completely 

already within 1 h and the H2O2 removal rates (nmol min-1) of Ce3+ or Ce4+ were 

approximately ten-times higher than those found for DMSA-CeONPs.  

DMSA-CeONPs also scavenged superoxide from the extracellular space of cultured rat 

astrocytes in a concentration- and time-dependent manner. The generation of superoxide 

was established by incubating the cells with the electron cycler β-lapacho. 700 µM DMSA-

CeONPs lowered by 11% the superoxide-induced WST1 formazan formation within 60 min, 

whereas the addition of superoxide dismutase (SOD) reduced it by 63% compared to the 

control. Ionic cerium showed an enhanced superoxide scavenging activity compared to its 

NP counterpart, as 150 µM of cerium salts caused a 53% depletion of WST1 formazan 

formation. The data obtained suggests that the reaction of DMSA-CeONPs with H2O2 or 

superoxide did not follow a catalytic or enzymatic-like reaction but rather represents a 

stoichiometric reaction with these reactive oxygen species (ROS). 

To assess the potential neuroprotective effect of cellular DMSA-CeONPs against oxidative 

stress, glial cells were pre-incubated with these NPs and then incubated in the presence of 

exogenous H2O2 or under the β-lapachone formation of superoxide. Loading of C6 glioma 

cells or astrocytes with up to 1 mM DMSA-CeONPs did not compromised cell viability. 

However, the presence of internalized DMSA-CeONPs did not prevent H2O2-induced 

cytotoxicity in C6 glioma cells. In addition, DMSA-CeONPs internalized by cultured 

astrocytes did not scavenge superoxide nor rescue cultured astrocytes from acute oxidative 
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stress induced by 20 µM β-lapachone. These results demonstrate that DMSA-CeONPs have 

only a limited ROS scavenging capacity, and that internalized DMSA-CeONPs did not act as 

antioxidants in glial cells nor show nanozyme activities under the conditions tested.  
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Introduction 

Brain cells have an extraordinarily high energy demand, mainly required to maintain brain 

intrinsic functional activity (Raichle, 2006). To meet this demand, the brain consumes 

approximately 20% of the inhaled O2, ten times more than predicted by its weight alone 

(Bolaños, 2016). Under pathological conditions, this consumption of O2, leads to the 

appearance of oxidative stress. Indeed, ageing, stroke and major brain disorders (i.e. 

Alzheimer´s disease (AD), Parkinson´s disease (PD), amyotrophic lateral sclerosis (ALS) and 

multiple sclerosis show oxidative stress as a concomitant symptom (Emerit et al., 2004; 

Puspita et al., 2017; Liguori et al., 2018; Cunha-Oliveira et al., 2020; Orellana-Urzúa et al., 

2020; Jelinek et al., 2021).  

For decades, much effort has been devoted to finding exogenous antioxidants that protect 

the brain from such oxidative stress (Floyd, 1999; Gilgun-Sherki et al., 2001; Neves Carvalho 

et al., 2017). In this line, CeONPs have gained great interest and have been extensively 

investigated due to their demonstrated ability to act as scavengers of ROS, such as 

superoxide (Korsvik et al., 2007) or H2O2 (Pirmohamed et al., 2010). Their low cytotoxicity 

(Fisichella et al., 2014; Urner et al., 2014; Forest et al., 2017), high reducibility 

(Skorodumova et al., 2002; Spadaro et al., 2016) and the possibility to be functionalized to 

cross the blood-brain barrier (Heckman et al., 2013; Bao et al., 2018) make them potential 

therapeutics (Celardo et al., 2011; Nelson et al., 2016; Feng et al., 2022). The mechanism of 

ROS scavenging by CeONPs is commonly assumed to be based on the flip-flop between Ce4+ 

and Ce3+ on the surface of the NPs, facilitated by the formation of oxygen vacancies and the 

consequent lattice expansion of the crystal (Skorodumova et al., 2002; Zhang et al., 2002; 

Wu et al., 2004). 

The removal of H2O2 by CeONPs has been reported extracellularly (Rzigalinski, 2005; 

Pirmohamed et al., 2010; Baldim et al., 2018; Estevez et al., 2019; Seminko et al., 2021) and 

intracellularly (Zhou et al., 2013; Singh and Singh, 2019; Wei et al., 2021) in different cell 

lines. These reports, sometimes also indirectly measured H2O2 scavenging and showed 

some evidence of NP cycling over time. In this line, Pirmohamed et al. (2010) determined 

the removal of H2O2 by CeONPs in media by using UV-Vis spectrophotometry and, indirectly, 

by monitoring O2 formation. Another recent study shows that CeONPs catalyzed the 

decomposition of H2O2 according to a Langmuir adsorption isotherm, concluding that the 

catalysis of H2O2 occurs at the surface of the CeONPs according to adsorption/desorption 

kinetics (Baldim et al., 2018). However, other reports demonstrated the removal of H2O2 by 
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CeONPs but suggested that cerium catalyzes the decomposition of H2O2 via the 

Fenton/Haber-Weiss reaction (Heckert et al., 2008; Karakoti et al., 2010; Lee et al., 2013). 

Focusing on the removal of H2O2 by CeONPs in the intracellular space of nervous cells, Chen 

et al. (2006) showed in an early in vitro study, that preincubation of retinal neurons with 

CeONPs significantly inhibited the formation of intracellular ROS induced by the application 

of H2O2. The authors hypothesized that the auto-regeneration of the antioxidant capacity of 

CeONPs explains the enhanced neuronal viability. At the same time, another line of 

investigation also showed a higher survival rate of spinal cord neurons insulted with H2O2 

when treated with CeONPs (Das et al., 2007). Subsequent studies have also demonstrated 

neuroprotection against H2O2. For example, an in vitro study found a concentration-

dependent decrease in intracellular ROS in PC12 neuron-like cells, which had been 

preincubated for three days in the presence of CeONPs and then insulted with H2O2 (Ciofani 

et al., 2013). 

CeONPs have also been shown to scavenge superoxide from media. Korsvik et al. (2007) 

were the first to show the generation of H2O2 from the degradation of superoxide by 

CeONPs. Subsequent studies have focused on finding the conditions that enhance 

superoxide scavenging (Baldim et al., 2018; Estevez et al., 2019) and elucidating the cycling 

between Ce4+ and Ce3+ in the presence of superoxide (Heckert et al., 2008; Celardo et al., 

2011). In addition, CeONPs have been reported to scavenge superoxide intracellularly. In 

particular, CeONPs were shown to significantly reduce the superoxide generation in an in 

vitro model of ischemia (Estevez et al., 2011). In a follow-up experiment, Estevez et al. 

(2019) also showed in vivo a reduction to the half of the total amount of superoxide 

produced during ischemia and reperfusion of the hippocampus of rats pretreated with 

CeONPs. Also, in an in vivo ALS model using transgenic mice overexpressing a mutation in 

the SODG93A, CeONPs were shown to significantly prolong the lifespan of the animals due to 

their ROS scavenging (DeCoteau et al., 2016). 

Based on these observations and many other studies in other cell lines (see review by Dhall 

and Self (2018)), it has been stated that CeONPs possess catalase (CAT) (Pirmohamed et al., 

2010; Estevez et al., 2019; Seminko et al., 2021) and SOD mimetic activity (Korsvik et al., 

2007; Heckert et al., 2008; Estevez et al., 2019) and are therefore, generally considered to 

be nanozymes (Wei and Wang, 2013; Seminko et al., 2021; Singh et al., 2023). The first 

reports attributing CAT and SOD mimic activities to CeONPs argued that, similar to the 

action of the native enzymes, an electron transfer occurs in the reaction of CeONPs with 

H2O2 or superoxide, and that such a reaction is catalyzed by the redox cycling of the cerium. 
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Recently, (Seminko et al., 2021) monitored via luminescence the decomposition of H2O2 on 

the surface of CeONPs and recorded the redox cycling between Ce3+ and Ce4+ taking place. 

These authors demonstrated that the surface defects of CeONPs act similar to active sites in 

enzyme molecules and that the decomposition of H2O2 followed the Michaelis-Menten 

equation. For all that, CeONPs are considered extraordinarily promising and more efficient 

as their counterpart bulk cerium (Herper et al., 2020). The so called “NP effect” i.e. the 

combination of their enhanced antioxidant capacity, due to their large specific surface area 

with the simultaneous presence of Ce3+ and Ce4+ coupled with their self-regeneration 

accounts for such greater antioxidant capacity (Rzigalinski et al., 2017). 

A major concern in the advance on the use of CeONPs as antioxidant is the lack of 

standardization of the NPs, meaning that each new line of investigation has the obligation 

to start from the basics, slowing down and driving up progress on the field. To overcome 

the variability introduced by the different synthesis of CeONPs, in our study, the antioxidant 

capacity of commercial CeONPs functionalized with DMSA was investigated. Previous 

reports have shown that coating various metal NPs with DMSA facilitates the study of their 

fate and effect on mammalian brain cells (Geppert et al., 2011; Geppert et al., 2013; Luther 

et al., 2013; Bulcke et al., 2014; Petters et al., 2014; Petters et al., 2016). This coating 

improves colloidal stability in physiological media (Bulcke et al., 2014; Joshi et al., 2016) 

and allows the fluorescent labelling of the NPs for later microscopic observation (Rastedt et 

al., 2017; Willmann and Dringen, 2018). Therefore, the antioxidant potential of this new 

functionalized DMSA-CeONPs was determined and compared to Un-CeONPs and ionic 

cerium in Ce3+ and Ce4+ oxidation states. Moreover, DMSA-CeONPs were tested 

extracellularly and once internalized by astrocytes or C6 glioma cells.  

The neuroprotective effect of CeONPs has attracted a large body of research, with enormous 

basic science and clinical efforts devoted to find treatments that are effective in neuronal 

cultures or disease models. Despite the accumulated evidence of the involvement of glial 

cells in neurodegeneration (Pöyhönen et al., 2019; Huang et al., 2022), there are few studies 

approaching the effect of CeONPs on astrocytes or similar cellular models (Varlamova et al., 

2023). Therefore, in order to explore the possibilities of DMSA-CeONPs as neuroprotective 

tools and to substantially extend the knowledge on their effect on glial cells, the antioxidant 

potential of DMSA-CeONPs on C6 glioma cells insulted with H2O2 and in astrocytes after 

addition of the electron cycler β-lapachone was investigated in detail. Hydrogen peroxide is 

the simplest peroxide and often used as a model to investigate mechanisms that are 

involved in antioxidative defense (Hohnholt et al., 2015) and WST1 formazan formation 
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with β-lapachone as electron cycler has been recently proposed as a suitable experimental 

paradigm to study the consequences of oxidative stress caused by superoxide (Steinmeier 

et al., 2020; Watermann and Dringen, 2023). The present data show that DMSA-CeONPs 

possessed some but limited extracellular antioxidant capacity, especially in the presence of 

superoxide. However, the scavenging of superoxide did not mimic SOD activity but a 

chemical stoichiometric reaction. In addition, loading glial cells with DMSA-CeONPs did not 

prevent later H2O2 or superoxide-induced oxidative stress in vitro in cultured glial cells. 

Materials and Methods 

Materials  

Cerium oxide nano-powder (<25 nm by Brunauer-Emmet-Teller analysis), cerium (III) 

chloride heptahydrate, cerium (IV) sulfate tetrahydrate, 2, 3-dimercaptosuccinic acid 

(DMSA), hydrogen peroxide 35% (95299), sodium chloride and 2-mino-2 (hydroxymethyl)-

1,3-propanediol (Trizma base), dicoumarol (M1390), iodoacetate (16375), 2´-7-

dichlorofluorescin diacetate (DCFH2-DA) and Xylenol orange were purchased from Sigma-

Aldrich (Steinheim, Germany). Cerium (IV) sulfate tetrahydrate were acquired from Merck 

(Darmstadt, Germany). Dulbecco´s modified Eagle´s medium (DMEM, containing 25 mM 

glucose) was from Gibco (Karlsruhe, Germany). Fetal calf serum (FCS), trypsin solution and 

penicillin/streptomycin solution were obtained from Biochrom (Berlin, Germany). Bovine 

serum albumin (BSA) and nicotinamide adenine dinucleotide (NADH) were purchased from 

Applichem (Darmstadt, Germany). WST1 (W201) was from Dojindo (Munich, Germany). β-

lapachone (ab 141097) was obtained from Abcam (Berlin, Germany).  The native enzymes 

CAT and SOD were purchased from Roche Diagnostics (Mannheim, Germany). Sterile 24-

well cell culture plates and 96-well microtiter plates were purchased from Sarstedt 

(Nümbrecht, Germany) and black 96-well plates were purchased from VWR (Darmstadt, 

Germany). 

Dispersion and coating of CeONPs 

A 100 mM dispersion of colloidal uncoated CeONPs (Un-CeONPs) was prepared as stock 

solution by stirring the nano-powder in pure water for 15 min and ultrasonicated on ice two 

times in 5 minutes intervals at 50 W with a Branson B-12 sonifier (Danbury, Connecticut, 

USA). In parallel, a 5 mM DMSA aqueous solution was prepared at 65°C in a covered beaker 

under stirring for 15 min and left to cool down until reaching room temperature (RT). 

Afterwards, for the preparation of 20 mM DMSA-CeONPs, 5 mL of the 5 mM DMSA solution 
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was added to 10 mL of a 29 mM dilution in H2O of the stock CeONPs dispersion. After 15 

min of additional stirring at RT the dispersion was collected and centrifuged for 10 min at 

1,500g and the supernatant was discarded. Subsequently two cycles of washing were 

completed by washing with 15 mL distilled H2O the pellet containing the DMSA-CeONPs and 

discarding the washing solution after 10 min centrifugation at 1,500g respectively. The 

resulting CeONPs pellet was finally dispersed in 15 mL distilled H2O and sonicated twice 

with the same settings mentioned before. The DMSA-CeONPs dispersion was stored at 4°C 

and sonicated for 5 min with the above described settings prior to any further use. 

Characterization of CeONPs 

The hydrodynamic diameter (DH), the polydispersity index (Pi) and the ζ-potential of 1 mM 

commercial CeONPs in different media were determined by DLS and electrophoretic (ELS) 

light scattering techniques in a Beckman Coulter (Krefeld, Germany) Delsa Nano C Particle 

Analyzer at 25 °C, as previously described (Bulcke et al., 2014). 

Preparation of CeCl3 and Ce(SO4)2 solutions 

Two different salts of cerium were also used to test whether the ROS scavenging capacity of 

cerium was enhanced when presented as NP. A 20 mM stock solution of cerium (III) chloride 

heptahydrate and cerium (IV) sulfate tetrahydrate were prepared in pure water 

respectively and stored at 4°C until used. Afterwards, they were diluted in culture medium 

to obtained the desired concentrations. 

C6 glioma cell cultures 

The C6 cell line was cultured as previously described (Joshi et al., 2016). Briefly, C6 glioma 

cells (passage numbers between 3 and 14) were cultured in 175 cm2 flasks in cell culture 

medium (DMEM+10% FCS; 90% DMEM, 10% fetal calf serum (FCS), 1 mM pyruvate, 18 U 

mL-1 penicillin G, 18 µg mL-1 streptomycin sulfate) and preserved at 37°C in an humified 

atmosphere enriched with 10% CO2 inside a Sanyo incubator (Osaka, Japan). The cultures 

used in the presented experiments were obtained from 80% of confluent cultures. In short, 

the cultures were washed twice with 10 mL of pre-warmed (37°C) sterile phosphate-

buffered saline (PBS; 10 mM potassium phosphate buffer, 150 mM NaCl; pH 7.4) and treated 

with 10 mL 0.05% (w/v) trypsin in pre-warmed (37°C) PBS for 5 min at 37°C. The activity 

of trypsin was terminated by the addition of 10 mL cultured medium. The resulting 20 mL 

cell suspension was centrifugated for 5 min at 400g. Subsequently, the supernatant was 

discarded and the cell pellet resuspended in 10 mL DMEM +10% FCS. The cell density was 
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then determined by nigrosine staining (0.25%, w/v) using a Neubauer-counting chamber 

as described earlier (Hohnholt et al., 2011) stated otherwise, cells were seeded in 1 mL 

DMEM + 10% FCS at a seeding density of 1x105 viable cells well-1, into wells of 24-well plates 

and used for experimental incubations 24 h after seeding. 

Astrocyte-rich primary cultures 

The preparation of the cultures was performed in accordance with the legal regulations 

dictated by the University of Bremen and of the State of Bremen (Germany). Astrocyte-rich 

primary cultures (APCs) were successfully obtained from the whole brain of newborn 

Wistar rats within the first 24 h after birth and being naturally fed. The cultures were 

prepared as initially described by Hamprecht and Löffler (1985) and later slightly modified 

(Tulpule et al., 2014). Briefly, the full brains were extracted after decapitation and 

mechanically dissociated, consecutively, through two nylon meshes of 210 and 132 µm pore 

diameter respectively to eliminate blood vessels and singularize cells. For seeding, 1 mL 

culture medium containing approximately 300,000 viable cells was transferred into wells 

of 24-well cell culture plates. The cell culture medium was renewed every 7th day. The age 

of the cultures used for the experiment described in this manuscript was between 15 and 

30 days.  

Extracellular removal of H2O2  

To investigate the removal of extracellular H2O2 by DMSA-CeONPs and Un-CeONPs, UV-Vis 

absorption spectra of the NPs dispersions in the presence or absence of 10 mM H2O2 were 

recorded. Different concentrations of DMSA-CeONPs and Un-CeONPs were dispersed in the 

media indicated in the legend of the figures and the absorbance was monitored in a 

wavelength range from 220 to 500 nm. Variations in the absorbance were also recorded at 

240 nm over time, for up to 90 min. All these measurements were performed at RT in a 

Varian Cary 50 UV-Vis spectrophotometer (Melbourne, Australia).  

Determination of extracellular H2O2 contents by Xylenol orange assay 

The extracellular concentration of H2O2 was measured by an adaptation of a colorimetric 

assay, previously established by Dringen et al. (1998). Briefly, samples were centrifuged at 

12,300g for 75 s to precipitate and therefore, stop the reaction between CeONPs and H2O2. 

Samples containing cerium salts, although the reaction could not be stopped by 

centrifugation, were also spun for reproducibility. Afterwards, 10 µL of media samples were 

added to wells of a 96-well microtiter plate containing 180 µL of the reaction mixture (100 
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mM sorbitol, 25 mM H2SO4, 250 µM (NH4)2Fe(SO4)2, 100 µM Xylenol orange in pure water) 

and 170 µL H2SO4 (25 mM) and allowed to react for 45 min at RT. This reaction mixture 

contains Fe2+ which is oxidised to Fe3+ by the remaining H2O2 present in solution. The 

generated Fe3+ ions then form a complex with the dye Xylenol orange, which absorbance 

was measured at 540 nm, indirectly informing on the amount of H2O2 present. To quantify 

the corresponding H2O2 concentration, eight standards ranging from 0-200 µM were 

simultaneously prepared and measured in duplicate. The concentration of H2O2 in the 

samples was calculated from the linear regression of the absorbance obtained for the 

standards. 

The rate of H2O2 removal (nmol min-1) was calculated by subtracting the content of H2O2 

(nmol) present in the media after 24 h incubation with the different cerium compounds to 

the initial amount present (nmol) and dividing it by the time lapse (min). Besides that, the 

half-times of the peroxide for incubations with 200 µM Un-CeONPs and DMSA-CeONPs were 

calculated assuming that the reaction followed a first order kinetic, and therefore defined 

as half-time (h)= Ln (2)/k. The reaction constants (k) were obtained from the graphical 

representation of the semi-logarithmic representation of clearance of H2O2 by Sigmaplot 

11.0.  

Extracellular scavenging of superoxide 

For the study of the extracellular scavenging of superoxide by the different cerium 

compounds, confluent astrocyte cultures were incubated as previously described in 

Watermann and Dringen (2023). Briefly, cultures were washed twice with 1 mL pre-

warmed (37°C) incubation buffer (IB; 20 mM HEPES, 145 mM NaCl, 5.4 mM KCl, 1.8 mM 

CaCl2, 1 mM MgCl2, pH 7.4) and incubated up to 1 h at 37°C with 400 µL IB that contained 

400 µM WST1 and the indicated concentration of the electron cycler β-lapachone in the 

presence or absence of DMSA-CeONPs, CeCl3 or Ce(SO4)2, dicoumarol (30 µM) and/or the 

native enzymes  260 U CAT or 25 U SOD, as indicated in the respective figure legends. Media 

samples were collected at the specified timepoints for the determination of the extracellular 

contents of WST1 formazan and the activity of extracellular LDH.  

Pre-incubation of C6 glioma cells or astrocyte-rich cultures with DMSA-CeONPs 

To load the cells with DMSA-CeONPs, twenty-four hours after the seeding in the case of C6 

glioma cells or at least 15 days old confluent astrocytes in 24-well cell culture plates were 

washed twice with 1 mL pre-warmed (37°C) DMEM + 10% FCS. Subsequently, the cells were 

incubated for the time periods stated in the legends of the figures at 37°C in the humified 
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atmosphere of an incubator, with 10% CO2 supply, with the adequate volume of DMEM + 

10% FCS, containing DMSA-CeONPs at the concentrations given in the legends of the figures. 

To end the incubations, the cells were washed twice with 1 mL ice-cold (4°C) phosphate 

buffer saline (PBS). Media samples were collected for the determination of the extracellular 

LDH activity.  

H2O2 insult on C6 glioma cells 

To establish the optimal experimental conditions to cause a loss of ~50% of viability in C6 

glioma cells, 2x105 C6 glioma cells/well were seeded in 24-well plates and twenty-four 

hours after the cells were washed twice with 1 mL pre-warmed IB containing 0.5 mg ml-1 

BSA (IB-BSA) and incubated with 200 µL IB-BSA containing different concentrations of H2O2 

as indicated in the figures for up to 4 h. When the incubation ended, cells were washed twice 

with ice-cold PBS and then harvested for the determination of intracellular LDH activity or 

prepared for propidium iodide (PI) staining.  

To investigate a potential neuroprotection by DMSA-CeONPs, C6 glioma cells were 

challenged with H2O2, immediately after the end of the pre-incubation with the NPs. In this 

case, C6 glioma cells loaded with DMSA-CeONPs for up to 24 h in 24-well plates, were 

washed twice with pre-warmed IB-BSA and incubated with 200 µL of IB-BSA containing 100 

µM H2O2 for 3 h. After the incubation period, media samples were collected to determine the 

concentration of H2O2 still present. Then, the cells were washed twice with ice-cold PBS and 

harvested to determine the intracellular LDH activity. Cells for the determination of the 

protein content were stored directly in the 24-well plates at -20°C until its assessment.  

Viability assays and determination of protein content 

Cell vitality was assessed by quantification of the correspondent LDH activity and by 

visualizing the cell membrane integrity by PI staining as described previously (Bulcke et al., 

2014; Tulpule et al., 2014; Joshi et al., 2016).  

LDH activity determination 

For the intracellular determination of LDH activity, the cells were washed twice with pre-

warmed IB-BSA after the indicated incubation. After completely aspirate the washing, the 

cells were lysed with 1% (v/v) Triton X-100 in 200 µL IB-BSA for 30 min at 37°C.  When the 

lysis was completed, 10 µL of the lysate was harvested and diluted with 170 µL LDH buffer 

(80 mM Tris, 200 mM NaCl, pH 7.2) in a well of a 96-well microtiter plate.  
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If the extracellular LDH activity was to be determined, 20 µL of the collected media after 

incubation of the cells was added to 160 µL LDH buffer in a well of a 96-well microtiter plate. 

The photometric determination of the LDH activity was performed at 340 nm as previously 

described (Dringen et al., 1998; Tulpule et al., 2014). 

Prior to the determination of the extracellular LDH activity, if the samples contained H2O2, 

it was removed from the incubation medium by addition of 2 µL IB-BSA containing 50 U 

CAT.  

Propidium iodide staining (PI) 

The integrity of the cellular membrane was used as an indicator of cell viability and was 

determined by staining the cells with the membrane impermeable fluorescent dye PI as 

described previously by Tulpule et al. (2014). In addition, the membrane permeable dye 

Hoechst H33342 was applied to visualize all cell nuclei present. Images of the stained cells 

were captured using a fluorescence microscope (Eclipse TE-2000-U with a DS-QiMc camera 

and imaging software NIS-Elements BR, Nikon, Düsseldorf, Germany). For monitoring the 

different fluorescence signals the following filter settings were used: PI (λex: 510-560 nm; 

λem: 590 nm; dichromatic mirror: 505 nm) and H33342 (λex: 330-380 nm; λem: 435-485 nm; 

dichromatic mirror: 400 nm). 

Protein determination  

For the determination of protein contents, cells in 24-well dishes were lysed in 400 µL 0.05 

M NaOH for 60 min at RT in a humidified atmosphere. The protein content of the cultures 

was determined based on the Lowry method (Lowry et al., 1951), using BSA as standard 

protein. 

Determination of ROS production 

Cellular ROS production was quantified by adding of non-fluorescent 

dihydrochlorofluorescein-diacetate (DCFH2-DA) to cultured astrocytes as previously 

reported (Steinmeier et al., 2020). In principle, when cells internalize DCFH2-DA, it 

undergoes enzymatic deacetylation and is converted to DCFH2, which in turn, can be 

oxidized to the fluorescent dichlorofluorescein (DCF) by the presence of ROS in the cytosol. 

In this experimental setup, cultured astrocytes were washed twice with 1 mL of pre-

warmed DMEM+10% FCS and pre-incubated with 1 mL DMEM+10% FCS in the presence or 

absence of 700 µM DMSA-CeONPs for 4 h. Subsequently, the cells were washed twice with 

pre-warmed IB and incubated with 200 µL IB containing 50 µM DCFH2-DA at 37°C for 30 
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min. At the end of the incubation with the non-fluorescent dye, the cells were again washed 

twice with 1 mL IB to eliminate the rests of the non-internalized substance, and were 

incubated in 200 µL IB in the presence or absence of 20 µM β-lapachone, 1 mM H2O2 and/or 

30 µM NQO1 inhibitor dicoumarol, as indicated in the correspondent legend of the figure. 

Finally, the cells were washed and lysed in 400 µL ice-cold (4°C) hypotonic potassium 

phosphate buffer (20 mM, pH 7.4) on ice for 10 min in the dark. The lysates were harvested 

and centrifuged for 1 min at 12.300g. 200 µL of lysate supernatant were collected and 

quantified in a fluorescence plate and used to determine DCF fluorescence (λex: 485 nm; λem: 

520 nm) present in the samples (Fluoroskan Ascent FL, Thermo Fischer Scientific, Schwerte, 

Germany). 

Presentation of data 

All data are presented as means ± standard deviation of values obtained in experiments on 

three independently prepared cultures, if not stated otherwise. Statistical analysis of 

multiple sets of data was carried out by ANOVA followed by the Bonferroni post-hoc test, 

using the software SigmaPlot (version 11.0). Significant differences compared to the control 

were indicated in the figures by asterisks while significant differences compared to other 

conditions were indicated in the figures by hash marks. The number of asterisks specifies 

the level of significance with *p<0.05, **p<0.01 and ***p<0.001. Analogously, the number of 

hash marks specifies the level of significance with #p<0.05, ##p<0.01 and ###p<0.001. 

Values of p> 0.05 were considered as not significant. 

Results  

Characterization of DMSA-CeONPs  

Dispersions of DMSA-CeONPs in water or IB were characterized by DLS (Table 1). DMSA-

CeONPs dispersed in water possessed a hydrodynamic diameter of 171 nm, a narrow size 

distribution as indicated by a polydispersity index (Pi) of 0.13 and a ζ-potential of -27.4 mV. 

When DMSA-CeONPs were dispersed in IB containing 0.5 mg L-1 BSA, the hydrodynamic 

diameter increased to up to 234 nm, while the size distribution in the dispersion remained 

homogeneous (Pi= 0.22) and the ζ-potential turned less negative (-13 mV). 
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Table 1. Characterization of DMSA-CeONPs. 

  
Hydrodynamic 

diameter (nm) 
Pi 

ζ-potential 

(mV) 

H2O 171 ± 6 0.13 ± 0.02 -27.4 ± 2.1 

IB-BSA 234 ± 8 0.22± 0.03 -13.2± 0.9 

DMSA-CeONPs were synthesized and the hydrodynamic diameter, Pi and ζ-potential of 1 
mM dispersions in pure water or in IB-BSA were determined. The data represent means ± 
SD of values obtained on NPs from three independent syntheses.  

Test for H2O2 removal by DMSA-CeONPs in the absence of cells 

Literature data demonstrated catalase mimic activity of CeONPs using a spectrophotometric 

method and measuring the variation in absorbance at 240 (nm), when CeONPs and H2O2 

were present (Pirmohamed et al., 2010). The decrease in absorbance was interpreted as 

decomposition of H2O2 by CeONPs. Therefore, to test whether DMSA-CeONPs decomposed 

H2O2, a similar spectrophotometric approach was applied. The spectra of 10, 50, 100 and 

150 µM DMSA-CeONPs suspended in IB or IB-BSA were recorded (Fig. 1a,b). In addition, the 

spectra of 10 mM H2O2 (Fig. 1a,b), IB and IB-BSA (Fig. 1c) were also obtained.  

DMSA-CeONPs suspended in IB and IB-BSA respectively showed a concentration-

dependent absorption at 240 nm, being higher for all the concentrations tested when the 

NPs were suspended in IB-BSA (Fig. 1a,b). For Un-CeONPs, similar spectra were obtained 

(data not shown). DMSA-CeONPs suspended in IB (Fig. 1a) additionally presented a peak in 

absorption at 320 nm, which also displayed a concentration-dependency. In the case of 

DMSA-CeONPs in IB-BSA (Fig. 1b), a maximum in absorbance at 280 nm preceded and 

overlapped the peak recorded at 320 nm. At both wavelengths the absorption increased 

with increasing concentration. The presence of BSA explained the maximum at 280 nm, as 

it can be clearly observed in Fig. 1c. The presence of BSA was mandatory for further 

experiments on cells as DMSA-CeONPs agglomerate over time, when suspended only in IB 

(see Chapter 2.1). Therefore, the initial absorption value under these conditions was the 

result of ~ 1 a.u. for 150 µM DMSA-CeONPs in IB-BSA plus the absorption of 10 mM H2O2 

(~0.5 a.u). Absorption spectrophotometry works rather precisely with values up to 2 a. u. 

(Mäntele and Deniz, 2017). Therefore, high absorption shown under these experimental 

conditions prevented the use of higher concentrations of DMSA-CeONPs, hindering the 

investigation of the removal of H2O2 by DMSA-CeONPs.  
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Figure 1. Absorption spectra for the study of H2O2 removal by DMSA-CeONPs. DMSA-
CeONPs were dispersed at concentrations of 10, 50, 100 or 150 µM in IB (a) or IB-BSA (b) 
and the absorption spectra were recorded. The spectra of 10 mM H2O2 diluted in IB (a) and 
IB-BSA (b) were also determined. To complete the study and as a control the absorption 
spectra of IB and IB-BSA alone (c) were measured. All determinations were performed at 
RT. 

To overcome these limitations, Un-CeONPs suspended in a 1:5 dilution of IB-BSA in pure 

water (IB-BSA (1:5)) were used. Un-CeONPs were chosen to further test the removal of H2O2 

to avoid interference in the determination caused by precipitation and agglomeration of 

DMSA-CeONPs when dispersed in a diluted IB-BSA. Un-CeONPs dispersed in IB-BSA (1:5) 

did not precipitate or agglomerate over 90 min (Fig. 2a) and a decrease in absorbance 

occurred when 10 mM H2O2 was added (Fig. 2b).  

After this initial test, time-dependent decline of H2O2 at more realistic concentrations (100 

µM) was tested. The decline in absorbance at 240 nm was determined over 40 min for 100 
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and 300 µM Un-CeONPs dispersed in IB-BSA (1:5) (Fig. 2c). During the 40 min interval, the 

absorbance at 240 nm of 10 mM H2O2 remained stable (Fig. 2c) in absence of CeONPs. 300 

µM Un-CeONPs showed a discretely higher loss in H2O2 absorbance within the first 2 min 

compared to 100 µM Un-CeONPs. Afterwards, both concentrations had a parallel decline in 

absorbance. The total loss in absorbance after 40 min was 0.05 and 0.06 for 100 and 300 

µM Un-CeONPs, respectively (Fig. 2c). 
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Figure 2. Un-CeONPs removal of H2O2 in the absence of cells. 100 and 300 µM Un-
CeONPs were suspended in IB-BSA, diluted 1:5 in pure water. Absorbance spectra were 
obtained at the start (t0) and after 90 min (t90) in absence of 10 mM H2O2 (a) and in the 
presence of 10 mM H2O2 (b). 100 µM and 300 µM Un-CeONPs were diluted in IB-BSA (1:5) 
in the presence of 100 µM H2O2 and the variation in absorbance at 240 nm was studied over 
time (c).  
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As an alternative to investigate the potential ability of DMSA-CeONPs to remove H2O2, the 

formation of the complex Fe3+-Xylenol orange (540 nm) was monitored and interpreted as 

an indicator of the residual amount H2O2 present (Fig. 3). 0, 10, 50, 100 and 200 µM Un-

CeONPs, DMSA-CeONPs, CeCl3 or Ce(SO4)2 were added to IB-BSA containing 100 µM H2O2. 

The samples were incubated for 0, 1, 3, 5 and 24 h. At 540 nm the absorption for IB-BSA 

alone was on average 0.316± 0.024 a. u. (n=3) and for 100 µM H2O2 diluted in IB-BSA 0.940 

± 0.018 a. u. (n=3) (data not shown). DMSA-CeONPs at all concentrations tested stayed 

stable in dispersion over the time tested (data not shown).  
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Figure 3. Time-dependent removal of H2O2 by CeONPs and ionic cerium in the absence of 
cells. The presence of H2O2 was monitored after 0, 1, 3, 5 and 24 h in the absence (0 µM) or the 
presence of 10, 50, 100 and 200 µM of (a) Un-CeONPs (b) DMSA-CeONPs, (c) CeCl3 or (d) 
Ce(SO4)2 in IB-BSA by the Xylenol orange assay. Average values and ± SD of data from three 
independent experiments are shown (n=3). The significance of differences compared to the values 
obtained for the control condition (treatment without cerium) was analysed by Two-Way 
ANOVA followed by Tukey Multiple Comparison Test and is indicated by asterisks (*p< 0.05, 
***p < 0.001). Note that the y-scale changes between experiments.  
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In the absence of cerium, the concentration of H2O2 remained stable over time. Increasing 

concentration of Un-CeONPs or DMSA-CeONPs led to a significant decrease in the detectable 

concentration of H2O2 (Fig. 3a,b). Both types of CeONPs showed a slow scavenging, needing 

up to 5 h to significantly decrease the concentration of H2O2. No difference in the H2O2 

removal was found between Un-CeONPs and DMSA-CeONPs. In contrast, dissolved CeCl3 

and Ce(SO4)2 reacted instantly with H2O2 and already after 3 h incubation with 50 µM of 

either cerium ions, the concentration of H2O2 was reduced by 80% (Fig. 3c,d). As shown in 

Fig. 3c and d for t=0 h, the reaction between H2O2 and the salts of cerium was so fast that 

within the minute it took to mix the cerium salts with the H2O2 in an Eppendorf cup and to 

combine this sample with the reaction mixture in a 96 well plate, a significant and 

concentration-dependent clearance had occurred. To investigate this rapid reaction in more 

detail, an assay was performed where the addition of cerium, H2O2 and the reaction mix 

occurred directly in wells of a 96-well plate. The Un-CeONPs and DMSA-CeONPs did not 

show any significant difference to the standard procedure. However, for CeCl3 and Ce(SO4)2 

a significant decrease in absorbance occurred when they were previously mixed in an 

Eppendorf cup (data not shown). 

A period of 24 h was not sufficient for Un-CeONPs or DMSA-CeONPs to clear all the H2O2 

present under the experimental conditions applied. However, the decrease in H2O2 

increased linearly with increasing concentration and time when Un-CeONPs (Fig. 3a) or 

DMSA-CeONPs (Fig. 3b) were present, suggesting that the reaction could continue over a 

prolonged time, potentially until exhausting the H2O2 pool. In contrast, 50 µM Ce(SO4)2 was 

sufficient to consume rapidly all the H2O2 present in the medium (Fig. 3d).  

The removal rate for H2O2 (nmol min-1) was calculated for the first hour. The rates calculated 

for cerium salts were approximately 10-times higher than those observed for CeONPs under 

these experimental conditions (Table 2). Since the removal of H2O2 followed a first order 

kinetics (data not shown), half-times for 200 µM Un-CeONPs and DMSA-CeONPs could also 

be calculated. Un-CeONPs needed 11 h and DMSA-CeONPs 12 h to clear half of the initial 

concentration of H2O2. 

 

 

 

 



 
 

156 
 

Table 2. Removal rate of H2O2 by different cerium compounds.  

 H2O2 removal rate (nmol min-1) 

 100 µM 200 µM 

Un-CeONPs 0.119 ± 0.062 0.228 ± 0.029 

DMSA-CeONPs 0.057 ± 0.069 0.207 ± 0.063 

CeCl3 1.677 ± 0.003 1.718 ± 0.002 

Ce(SO4)2 1.388 ± 0.009 1.720 ± 0.004 

Rate of change in H2O2 levels after incubation with different cerium compounds for the first 
hour. The initial concentration of H2O2 was 100 µM for all the cases. The rates are given as 
nmol min-1. Average values ± SD from three independent experiments are shown (n=3). 

Test for superoxide scavenging by DMSA-CeONPs in cultured astrocytes 

The electron cycler β–lapachone induces oxidative stress mediated by NQO1 in cultured 

astrocytes (Steinmeier et al., 2020). Inside the cell, NQO1 reduces β-lapachone into β-

lapachol by transferring two electrons (Ross and Siegel, 2021). β-lapachol is highly unstable 

under physiological conditions and rapidly auto-oxidise first to β-lapachone-semiquinone 

and then back to β-lapachone, producing two molecules of superoxide as by-products 

(Zhang et al., 2018). WST1 is added in the assay as it is a membrane impermeable compound 

that can be reduced in cell cultures by membrane permeable electron cyclers, e.g. β-

lapachone, to form a yellow water-soluble formazan product (WST1 formazan) (Stapelfeldt 

et al., 2017) and can be used as an indirect indicator of NQO1 activity and therefore, 

superoxide formation (Watermann and Dringen, 2023). Dicoumarol is an NQO1 inhibitor 

and it has been observed to prevent ROS formation when cultured astrocytes are co-treated 

with β–lapachone and dicoumarol (Steinmeier et al., 2020). 

Increasing concentrations of DMSA-CeONPs reduced the WST1 formazan formation 

in cultured astrocytes 

Based on this paradigm and to stablish a suitable test to assess the potential SOD-like 

activity of DMSA-CeONPs, cultured astrocytes were incubated with 1, 2, 3 or 5 µM β-

lapachone in the absence (0 µM) or presence of 300, 700 or 1000 µM of DMSA-CeONPs in IB 

for up to 1 h. This experiment aimed at finding optimal concentrations of the electron cycler, 

β-lapachone, in combination with DMSA-CeONPs for further investigations.  

The reduction of WST1 to WST1 formazan increased with an increasing amount of β-

lapachone and showed an inverse correlation with the concentration of DMSA-CeONPs (Fig. 

4). For all the conditions tested, a DMSA-CeONPs concentration of 700 µM or higher 

significantly lowered (p<0.001) the reduction of extracellular WST1. A concentration of 3 



 
 

157 
 

µM β-lapachone led to a WST1 formazan formation of 21 ± 1 nmol after 1 h incubation (Fig. 

4c). The presence of 700 µM and 1000 µM DMSA-CeONPs significantly reduced this amount 

by 38±0.2% and 36±0.2% respectively. Previous studies showed that concentrations of β-

lapachone of 3 µM or less did not alter vitality or glucose metabolism in astrocytes 

(Watermann and Dringen, 2023). Therefore, subsequent analysis of superoxide scavenging 

potential of DMSA-CeONPs was carried out with 3 µM β-lapachone and 700 µM DMSA-

CeONPs. 
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Figure 4. Time and concentration dependent effect of DMSA-CeONPs on the WST1 
formazan formation in cultured astrocytes. The cells were incubated up to 60 min 
without (0 µM) or with the indicated concentration of DMSA-CeONPs in IB containing WST1. 
β–lapachone was applied as electron cycler in different concentrations: 1 µM (a), 2 µM (b), 
3 µM (c) and 5 µM (d). The data shown are means ± SD of values obtained in three 
experiments on independently prepared cultures (n=3). The significance of differences 
(ANOVA) of data compared to those obtained for incubations in the absence of DMSA-
CeONPs (0 µM) is indicated by asterisks in the respective symbol colour (*p<0.05), 
**p<0.01, ***p<0.001). 
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DMSA-CeONPs scavenged superoxide from the extracellular space 

To confirm the potential scavenging of superoxide by DMSA-CeONPs, the detoxifying 

enzymes catalase and/or SOD were applied as a comparison. Moreover, the NQO1-inhibitor, 

dicoumarol (Ernster et al., 1960; Hollander and Ernster, 1975) was also included as a 

control for the involvement of NQO1 in astrocytic WST1 formazan formation. (Fig. 5). 
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Figure 5. Extracellular superoxide scavenging activity of DMSA-CeONPs. The cells were 
incubated with 400 µM WST1 and 3 µM β-lapachone in the absence (control) or the 
presence of 700 µM DMSA-CeONPs, SOD (25 U), catalase (260 U) and/or 30 µM dicoumarol. 
The data shown are means ± SD of values obtained in three experiments on independently 
prepared cultures (n=3). Significant differences (ANOVA) of data compared to the data 
obtained for the control condition are indicated by asterisks depicted in the colours of the 
respective symbols (**p<0.01, ***p<0.001). 

In this experiment, incubation of cultured astrocytes with 3 µM β-lapachone and 700 µM 

DMSA-CeONPs led to a significant (**p<0.01) 11.4±0.1% decrease in WST1 formazan 
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formation in comparison to the control (none) after 60 min (Fig. 5a). If exogenous SOD was 

present during the incubation of cells with β-lapachone, the WST1 formazan after 60 min 

was reduced by 63±0.2% compared to the control (Fig. 5a) and was identical to the 

reduction obtained when the treatment containing SOD and DMSA-CeONPs (Fig. 5a). On the 

contrary, the presence of catalase did not have any effect on the total amount of WST1 

formazan determined (Fig. 5b). Dicoumarol, as expected, almost completely inhibited the 

reduction of WST1, independently of the presence or absence of DMSA-CeONPs (Fig. 5c). 

The decrease in WST1 formazan formation caused by DMSA-CeONPs, SOD and catalase 

together (Fig. 5d) resulted in values identical to those obtained with SOD alone (Fig. 5a) or 

SOD plus catalase (Fig. 5d). Complete prevention of WST1 formazan formation was achieved 

by application of a combination of dicoumarol, SOD and catalase and DMSA-CeONPs (Fig. 

5d). 

DMSA-CeONPs did not react as a catalyst 

In a further analysis of the data, the delta WST1 formazan content (%) due to the presence 

of DMSA-CeONPs was calculated. For this, the amount of WST1 formazan produced in the 

presence of 300, 700 or 1000 µM DMSA-CeONPs was first subtracted from the total amount 

of WST1 formazan produced by the cells in the absence of DMSA-CeONPs (control) for each 

condition. To normalize the data of the three independent experiments (n=3), the average 

delta WST1 formazan for each concentration of DMSA-CeONPs was divided by the 

respective average WST1 formazan of the control and multiplied by 100. This value was 

calculated for each concentration of β-lapachone and for each time point measured (30 and 

60 min) (Fig. 6).  

The reduction in WST1 formazan content increased with increasing concentration of DMSA-

CeONPs for all the individual concentrations of β-lapachone. However, an increase in β-

lapachone, and therefore, in superoxide, resulted in a decrease in the percentage removed 

by each concentration of DMSA-CeONPs tested. These data indicate that the maximum 

scavenging capacity was already reached at a β-lapachone concentration of 1 µM. Statistical 

analysis confirmed that any increase in β-lapachone resulted in a significant loss of relative 

superoxide scavenging capacity of DMSA-CeONPs at 700 and 1000 µM concentrations (Fig. 

6b). 
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Figure 6. Analysis of the catalytic properties of DMSA-CeONPs. The cells were incubated 
without (0 µM) or with 300, 700 or 1000 µM DMSA-CeONPs in IB for up to 60 min. β-
lapachone was used as electron cycler at different concentrations: from 1 µM to 5 µM to 
reduce WST1 to WST1 formazan. Samples for the analysis were taken after 30 min (a) and 
60 min (b) respectively. The delta WST1 formazan content (%) was calculated by 
subtracting the WST1 formazan produced in the presence of DMSA-CeONPs from the WST1 
formazan content found in the absence of DMSA-CeONPs (control) and then, divided by the 
WST1 formazan content of the control and multiplied by 100 to obtain the percentage. Data 
shown are mean ± SD of values obtained in three experiments on independently prepared 
cultures (n=3). The significance of the differences (ANOVA) of the data between the 
different concentrations of β-lapachone is indicated by hashes depicted in the colours of the 
respective bars (#p<0.05; ##p<0.01; ###p<0.001). For graphical reasons, the hashes right 
above the respective bars represent the statistical difference obtained for 1 µM β-lapachone 
compared to the other conditions.  

Ionic cerium effectively reduced the WST1 formazan formation in cultured astrocytes 

To investigate whether the superoxide scavenging was limited to the presence of cerium in 

NPs, cultured astrocytes were incubated with 30, 150 or 300 µM Ce(SO4)2 or CeCl3 

respectively in an identical setup as the one used for DMSA-CeONPs. The β-lapachone 

dependent WST1 reduction was reduced to 53% by 150 µM Ce3+ compared to the control 

(none) (***p<0.001) (Fig. 7). This decrease was 1.5-times higher than the one caused by 

DMSA-CeONPs (Fig. 7b and 5a, respectively). Of note, the concentration of Ce3+ was 4.7 times 

lower than the calculated cerium concentration of DMSA-CeONPs previously applied (Fig. 

5). 
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Figure 7. Assay to determine the extracellular superoxide scavenging activity of ionic 
cerium. Cultured astrocytes were incubated with 400 µM WST1 and 3 µM β-lapachone in 
the absence (control) or the presence of Ce(SO4)2 (a) or CeCl3 (b) for up to 60 min. The data 
shown are means ± SD of values obtained in three experiments on independently prepared 
cultures (n=3). Significant differences (ANOVA) of data compared to the data obtained for 
the control condition are indicated by asterisks depicted in the colours of the respective 
symbols (***p<0.001). 

Assessment of the antioxidant potential of DMSA-CeONPs in glial cells 

The potential protection of DMSA-CeONPs and ionic cerium against oxidative stress was 

also investigated intracellularly. In these experimental setups (see below), glial cells were 

exposed to these compounds prior to the oxidative insult. 

C6 glioma cell viability after oxidative insult with H2O2 

Prior to investigate the potential antioxidative protection of CeONPs in glial cells, suitable 

experimental conditions for the oxidative insult needed to be established. For this purpose, 

the C6 glioma cells were incubated for up to 4 h in the absence or presence of 50, 100, 200 

or 500 µM of H2O2. The cell viability was monitored by determining the intracellular LDH 

(Fig. 8) and the microscopical inspection of the PI staining and morphology of the cells (Fig. 

9). A significant loss in intracellular LDH occurred in H2O2 treated cells, showing a 

concentration and time dependency. After 2 h incubation the percentage of intracellular 

LDH activity for C6 glioma cells treated with more than 50 µM was around 75%, whereas 

after 3 h it was around 50%. Treatments of cells with 200 µM or 500 µM H2O2 for more than 

3 h did not further increase toxicity (Fig. 8). 
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Figure 8. Effect on viability of C6 glioma cells after application of H2O2. Cellular LDH 
activity was determined on C6 glioma cells that had been exposed to H2O2 in the indicated 
concentrations for 1, 2, 3 or 4 h. Average values +/- SD of data obtained in three independent 
experiments are shown (n=3). Statistical differences were calculated by a One-way ANOVA. 
*p< 0.05, **p < 0.01, ***p < 0.001 indicate differences compared with the control condition 
(0 µM). 

The PI staining confirmed the results obtained with the LDH measurements. Remarkable 

changes in cells morphology and a prominent reduction in cell processes were observed 

after 3 h incubation for concentrations of 100 µM H2O2 or greater (Fig. 9). The treatment 

with 200 µM H2O2 seemed to cause a slightly increased number of dead cells in comparison 

to 100 µM and the changes in morphology were more prominent (Figure 9l,b). The toxic 

effect of 500 µM H2O2 was similar to the damage caused by AgNO3, and thus, most likely not 

suitable for rescue experiments (Figure 9d,n;e,o). 

 

 



 
 

163 
 

 

Figure 9. Morphology and membrane integrity of C6 glioma cells exposed to H2O2. 
Cells were incubated with H2O2 in the indicated concentrations for 3 h, and the morphology 
was assessed (a-d). Subsequently, the cell nuclei were stained with H33342 to stain all cell 
nuclei present (f–i) and PI to visualize the nuclei of cells with compromised membrane 
integrity (k–n). As positive control for toxicity, the cells were incubated with 50 µM AgNO3 
(e, j, o) for 3 h prior to the incubation with H33342 and PI. The data shown are from a 
representative experiment that was replicate twice on independent prepared cultures with 
equivalent results. The scale bar in panel (k) represents 100 µm and applies to all panels 
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Investigation of H2O2 removal by CeONPs pre-treated C6 glioma cells 

To assess the potential antioxidative properties of CeONPs against H2O2 toxicity, C6 glioma 

cells were pre-incubated with CeONPs or ionic cerium. The effect of the pre-incubations on 

the viability of the cells was determined (Fig. 10a).  
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Figure 10. Effect of CeONPs pre-incubation on the resistance of C6 glioma cells to 
oxidative stress. C6 glioma cells were pre-incubated with or without 1 mM cerium applied 
as Un-CeONPs, DMSA-CeONPs or CeCl3 at 37°C for 0, 1 or 24 h. (a) Extracellular LDH activity 
(% of initial LDH) was determined just after each pre-incubation time was over. Afterwards 
a 3 h incubation with 100 µM H2O2 was started and at its end (b) the concentration (µM) of 
H2O2 in the medium, (c) the cellular protein content (µg/well) and (d) the intracellular LDH 
activity were determined. Average values and standard deviations of data from three 
independent experiments are shown (n=3). Each condition was performed in triplicates in 
every single experiment. Statistical differences were calculated by a Two-way ANOVA 
*p< 0.05, **p<0.01, ***p < 0.001, indicates differences compared with the control condition 
(none) and were obtained by Tukey Multiple Comparison Test. 

The pre-incubation of cells with 1 mM Un-CeONPs or DMSA-CeONPs or ionic cerium for 1 

or 24 h did not significantly impair the cell integrity in comparison to the controls. 

Afterwards, cells were incubated for 3 h with 100 µM H2O2 in IB-BSA. After 3 h incubation, 
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the remaining extracellular H2O2 was less than 10 µM for all conditions and did not show 

any significant difference among treatments (Fig. 10b). Untreated C6 cells had on average 

113  12 µg protein per well before the 3 h incubation with IB-BSA containing H2O2 started. 

In comparison to these initial values, the cells which were preincubated without cerium 

showed an average loss of 32.7% in protein content. The oxidative stress caused by the 

incubation with H2O2 led to a loss in proteins that ultimately can be interpreted as a 

reduction in the number of viable cells. Pre-incubations with Un-CeONPs or DMSA-coated 

CeONPs or ionic cerium for 0 or 1 h did not prevent the reduction in the amount of proteins 

significantly. Moreover, a 24 h pre-incubation with both kinds of CeONPs and CeCl3 

significantly lowered the protein content of the C6 glioma cells compared to the cultures 

which had not been exposed to cerium (Fig. 10c). Based on the protein content, the cerium 

treatments thus did not seem to prevent the toxic effect of the H2O2 insult and might even 

decrease the viability when the pre-incubation is held for 24 h. 

As expected from previous results (Fig. 8), when no cerium was added to the cells, the 

membrane integrity was compromised by the H2O2 treatment by ~50% (Fig. 9d,n). Taking 

a high intracellular LDH as an indicator of cell viability, Un-CeONPs and DMSA-CeONPs, as 

well as CeCl3, did not show any neuroprotective effect (Fig. 10). In fact, pre-incubation with 

DMSA-CeONPs for 24 h caused a significant loss in intracellular LDH compared to the 

control (Fig. 10d). As such an effect was not observed for Un-CeONPs, DMSA-coating seems 

to allow for a stronger accumulation of cerium in the cell interior, ultimately leading to 

concentrations which, paired with the H2O2 challenge, might be responsible for significant 

cell damage.  

Investigation of antioxidant protective effect of DMSA-CeONPs in cultured astrocytes  

To test whether DMSA-CeONPs scavenge the superoxide formed by the auto-oxidation of β-

lapachol to β-lapachone intracellularly (Steinmeier et al., 2020), cultured astrocytes were 

pre-incubated without or with DMSA-CeONPs up to 4 h in DMEM+10% FCS. Afterwards, 

cells were incubated with 400 µM WST1, 3 µM β-lapachone in the absence or presence of 

30 µM dicoumarol in NP-free physiological medium. None of the concentrations of tested 

DMSA-CeONPs were able to reduce WST1 formazan formation under these experimental 

conditions. In contrast, the presence of dicoumarol alone or in combination with DMSA-

CeONPs strongly prevented the WST1 reduction (p<0.001) (data not shown).  
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Pre-treatment with DMSA-CeONPs did not prevent oxidative stress by H2O2 in APCs 

To test the capacity of DMSA-CeONPs to protect cultured astrocytes from an oxidative insult, 

the cells were pre-incubated without or with DMSA-CeONPs for 4 h. Once the NPs were 

washed away, ROS formation was assessed after treating cells with or without H2O2 in the 

absence or presence of β-lapachone and/or dicoumarol (Fig. 11). 

D
C

F 
flu

or
es

ce
nc

e 
(%

 o
f t

he
 c

on
tr

ol
)

0

100

200

300

400

500

600

700

800 0 µM ß-lap (a)

[DMSA-CeONPs] (µM)

0 700

Ex
tr

ac
el

lu
la

r L
D

H 
ac

tiv
ity

(%
 o

f i
ni

tia
l c

el
lu

la
r L

D
H 

ac
tiv

ity
)

0

20

40

60

80

100
(c)0 µM ß-lap

[DMSA-CeONPs] (µM)

0 700

Ex
tr

ac
el

lu
la

r L
D

H
 

(%
 o

f i
ni

tia
l)

(d)20 µM ß-lap

D
C

F 
flu

or
es

ce
nc

e 
(%

 o
f t

he
 c

on
tro

l)

none
H 2O 2
Dicoumarol 
H 2O 2 + Dicoumarol

20 µM ß-lap (b)

 

Figure 11. Pre-treatment with DMSA-CeONPs did not prevent oxidative stress by 

superoxide or H2O2. The cells were pre-incubated in the absence (0 µM) or the presence of 

700 µM DMSA-CeONPs for 4 h in DMEM+10% FCS. Subsequently the cells were washed and 

loaded with 50 µM DCFH2-DA in IB for 30 min. Afterwards the cells were treated without or 

with 20 µM β-lapachone, 1 mM H2O2 and/or 30 µM dicoumarol up to 5 min. Finally, the cells 

were washed and lysed in hypotonic lysis buffer for 10 min. The lysates were harvested and 

centrifuge at 12,300g for 60 s. The presence of ROS was measured by fluorometry (λex: 485 

nm and λem: 520 nm) (a, b). The viability of the cells after the treatment was also determined 

(c, d). DCF-fluorescence is expressed as percentage compared to cells not pre-incubated 

with DMSA-CeONPs and without the addition of β-lapachone, H2O2 or dicoumarol. The data 

shown are means ± SD of values obtained in three experiments on independently prepared 

cultures (n=3). No significant differences (ANOVA) were observed between cells pre-

incubated with DMSA-CeONPs and not pre-incubated under the same conditions. 
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Loading cells with DCFH2-DA and 5 min treatment in the presence or absence of β-

lapachone, H2O2 and/or dicoumarol did not impair cells membrane integrity under 

experimental conditions (Fig. 11c,d). In the absence of β-lapachone, pre-incubation of 

cultured astrocytes with 700 µM DMSA-CeONPs did not increase ROS formation (Fig. 11a). 

However, incubation with H2O2 led to a significant increase in ROS (Fig. 11a). The presence 

of dicoumarol did not elevate ROS formation and when co-incubated with H2O2 prevented 

their formation (Fig. 11a). On the contrary, addition of 20 µM β-lapachone increased basal 

ROS formation to ~200% of the control, independently if the cells were pre-incubated with 

or without DMSA-CeONPs (Fig 11a, b). Remarkably, the presence of β-lapachone decreased 

DCF fluorescence in the presence of H2O2 ~50% in comparison to incubations in the absence 

of β-lapachone (Fig. 11a,b). The presence of dicoumarol under these experimental 

conditions kept ROS formation at the same level as found for the control (Fig. 11b). 

Discussion  

DMSA-CeONPs scavenged H2O2 and superoxide when present in biological media, but did 

not exert an antioxidant effect in glial cells when internalised. Furthermore, in the present 

study, the removal of H2O2 and the scavenging of superoxide by DMSA-CeONPs followed a 

chemical stoichiometric reaction pattern rather than an enzymatic reaction. As a proof of 

concept, it was demonstrated that incubation of Un-CeONPs with a relatively high 

concentration of H2O2, caused a reduction in absorbance that can be attributed to the 

removal of H2O2 by Un-CeONPs. Such results were consistent with those reported by 

(Pirmohamed et al., 2010) in their seminal work demonstrating the catalase-like activity of 

CeONPs. Later, in a different experimental setup with a concentration of H2O2 closer to 

biological values, the present study shows that DMSA-CeONPs were also able to remove 

H2O2 in the absence of cells. The decrease in H2O2 in the medium increased linearly with 

increasing concentration and time when Un-CeONPs or DMSA-coated CeONPs were present, 

suggesting that the reaction could continue over a prolonged time, potentially until 

exhausting the H2O2 pool. The calculated rates of extracellular H2O2 disappearance are in the 

same order of magnitude as those reported previously (Pirmohamed et al., 2010). However, 

their CeONPs showed a rate equivalent to that calculated for CeCl3 (1.677 ± 0.003 nmol min-

1) in the present study and 10 times higher than those presented by DMSA-CeONPs. 

It was also demonstrated that DMSA-CeONPs scavenge extracellular superoxide. Exposure 

of cultured astrocytes to β-lapachone caused a rapid concentration-dependent increase in 

WST1 formazan formation, consistent with literature data (Watermann and Dringen, 2023). 
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A concentration of 3 µM β-lapachone was found to be sufficient to test the ability of DMSA-

CeONPs to scavenge superoxide from the extracellular space. This experimental setup 

potentially avoided stress signals, such as the increase in lactate release and glutathione 

disulfide, derived from the use of β-lapachone in higher concentrations (Steinmeier et al., 

2020; Watermann and Dringen, 2023) and therefore, the observations could be exclusively 

attributed to the uptake of DMSA-CeONPs. 

Application of DMSA-CeONPs to cultured astrocytes significantly reduced the formation of 

WST1 formazan in a concentration-dependent manner. DMSA-CeONPs showed a significant 

antioxidant capacity in the extracellular space. An extracellular concentration of 700 µM 

DMSA-CeONPs was able to reduce WST1 formazan formation by 11% compared to the 

control. However, the reducing power of DMSA-CeONPs was approximately 2.4 times lower 

than that of exogenous SOD (25 U). The effects observed when combined DMSA-CeONPs 

and SOD and DMSA-CeONPs plus SOD plus catalase were not additive, what may 

corroborate that DMSA-CeONPs scavenge extracellular superoxide and that the effect 

observed was not due to other reactions. The results are consistent with literature data. 

SOD-mimetics as for example Cu2+, Zn, Mn2+, Co2+ and Co3+ complexes have two to four 

orders of magnitude less activity than the native SOD (Zhidkova et al., 2011; Sozarukova et 

al., 2020). These observations support the view that DMSA-CeONPs may constitute an 

interesting tool against oxidative stress. 

The commonly advocated mechanism explaining the scavenging of ROS by CeONPs is 

considered to be redox-state dependent, where CeONPs act as a catalyst or, in other words, 

a nanozyme if applied in a biological system (Wei and Wang, 2013; Seminko et al., 2021; 

Singh et al., 2023). Nanozymes are able to increase the rate of a chemical reaction, convert 

a substantial amount of substrate with a reduce amount of catalyst and regenerate, which 

means that after the completion of the catalytic cycle the reagents are regenerated to their 

initial state (Kozuch and Martin, 2012; Popov et al., 2017). CeONPs have been long used as 

catalysts in industrial applications (Scirè and Palmisano, 2020). Moreover, CeONPs can 

mimic different enzymes as they possess oxidoreductase (Hayat et al., 2015; Singh, 2016), 

phosphatase (Dhall et al., 2017), catalase (Pirmohamed et al., 2010) and SOD activities 

(Korsvik et al., 2007). 

However, the DMSA-CeONPs used in the current study did not act as nanozymes under the 

experimental conditions tested. The removal of H2O2 occurred with a slow reaction rate, far 

from that of native catalase. In addition, double of concentration of DMSA-CeONPs 

compared to the subtract was needed to remove 100 µM H2O2. Application of 200 µM Un-
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CeONPs and DMSA-CeONPs needed 11 and 12 h respectively (data not shown) to reach their 

half time for the removal of 100 µM extracellular H2O2. Putting it into context, Hirrlinger et 

al. (2002) estimated a half-time of decomposition of 100 µM H2O2 by cultured astrocytes of 

4.8 min. Thus, the extracellular clearance of H2O2 by extracellular DMSA-CeONPs in the 

medium of cell cultures seems negligible compared to the cell-dependent H2O2 clearance 

under non-pathological conditions. In addition, there was no evidence of regeneration of 

DMSA-CeONPs within the time frame studied, or it may have occurred at a very slow rate. 

These facts may indicate that DMSA-CeONPs reacted stoichiometrically with H2O2 rather 

than act as a catalyst on its removal.  

Similarly, the capacity of DMSA-CeONPs to scavenge superoxide was already saturated in 

the presence of only 1 µM β-lapachone (Fig. 4), i.e. when the concentration of DMSA-CeONPs 

was kept constant, increasing β-lapachone concentration resulted in a decrease in the 

percentage of reduction in WST1 formazan. Moreover, when the concentration of β-

lapachone was approximately doubled, the percentage of reduction in WST1 formazan by 

the same amount of DMSA-CeONPs was approximately 50% (Fig. 6). This observation 

indicates that the reaction was strongly limited by the amount of DMSA-CeONPs present 

and therefore, suggests a stoichiometric chemical reaction rather than a catalytic reaction.  

The present study did not directly address the mechanism behind the reactions of DMSA-

CeONPs with H2O2 or superoxide. Nevertheless, it can be assumed that the reactivity of 

DMSA-CeONPs was due to the flip-flop between Ce3+ and Ce4+ on the surface (Heckert et al., 

2008; Singh et al., 2021). For the removal of H2O2, many authors have suggested that Ce4+ 

could be reduced to Ce3+ by the electrons left behind by oxygen vacancy formation (Fig. 12a) 

(Pirmohamed et al., 2010; Celardo et al., 2011; Singh et al., 2011; Thakur et al., 2019). 

Celardo et al., 2010; Thakur et al., 2019) and recently, Popov et al. (2017) provided further 

insight by demonstrating that Ce3+ also participates in the catalase-like reaction (Fig. 12b). 

In the dismutation of superoxide, Ce3+ reduces superoxide to H2O2, and is itself oxidised to 

Ce4+, which in turn disproportionates H2O2 to molecular O2 and H2O (Korsvik et al., 2007; 

Heckert et al., 2008; Celardo et al., 2011; Corsi et al., 2018). For all that, it is likely that DMSA-

CeONPs presented a similar amount of Ce4+ and Ce3+ on the surface, as they scavenged both, 

H2O2 and superoxide. In terms of regeneration, the flip-flop may be extremely slow or may 

not have occurred under our experimental conditions.  

 



Figure 12. Schematic theoretical model of catalase activity by DMSA-CeONPs
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2016; Rastedt et al., 2017), the possibility of further functionalization with fluorescent dyes 

(see Chapter 2.1) and the enhanced uptake of DMSA-CeONPs compared to Un-CeONPs (data 

not shown) suggests that DMSA coating still constitutes a great alternative for CeONPs. 

However, other parameters could still be revisited to achieve DMSA-CeONPs act as a 

nanozyme. For instance, DMSA-CeONPs had a nominal size of about 25 nm, measured by 

transmission electron microscopy (see Chapter 2.1). It is commonly accepted that CeONPs 

shows enhanced catalytic activity when presented in 3-9 nm size (Xue et al., 2011; Cafun et 

al., 2013; Lee et al., 2013; Baldim et al., 2018). Such a reduction in size has been 

demonstrated to ease the formation of oxygen vacancies (Tsunekawa et al., 1999; 

Deshpande et al., 2005; Naganuma, 2017) and therefore, to favour the flip-flop/number of 

active sites and consequently increase the removal of H2O2 or the scavenging of superoxide 

(Thao et al., 2023). Although examples on the contrary can also be found in the literature 

(Li et al., 2015), these might suggest that a reduction in the size could increase the 

disproportionation of H2O2 and the superoxide scavenging potential by DMSA-CeONPs.   

Dissolved CeCl3 and Ce(SO4)2 were included in the present study to test for the “NP-effect”. 

CeONPs have been thoroughly investigated under the premise to be a more powerful 

antioxidant as their bulk counterpart, based on the simultaneous presence of different 

oxidation states in the lattices of the NPs and their auto-regeneration (cycling) (Herper et 

al., 2020). However, in the present study ionic cerium showed a much stronger potential 

than the NPs tested to remove H2O2. Studies from the late 1950‘s already established the 

reduction of Ce4+ aqueous solutions by H2O2 into Ce3+ but of note, with the formation of 

hydroperoxyl radicals (OOH·) (Baer and Stein, 1953; Sigler and Masters, 1957; Bielski and 

Saito, 1962; Heckert et al., 2008). Over the last two decades, it has been argued that CeONPs 

has also the advantage to strongly limit the formation/release of such radicals (Heckert et 

al., 2008) and therefore, being less toxic to the cell. However, recent studies have questioned 

it as the appearance of stable intermediate species, such as peroxyl or hydroperoxyl bound 

to the NPs surface were observed (Scholes et al., 2006; Damatov and Mayer, 2016). In the 

present investigation, under the conditions tested, the “NP-effect” did not result in any 

advantage. The removal of exogenous H2O2 was significantly faster with ionic cerium 

compared to DMSA-CeONPs. Similarly, bulk cerium scavenged more efficiently superoxide 

than DMSA-CeONPs. In fact, after 60 min, bulk cerium reduced WST1 formazan formation 

54% compared to the control (none). This reduction was even slightly higher than the one 

shown by SOD (47%) compared to the control. 
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The lack of nanozyme behaviour under these experimental conditions may have prevented 

the “NP effect”. Nevertheless, as reviewed by Shcherbakov et al. (2020), cerium salts share 

the same properties and beneficial biological activities attributed to CeONPs. For example, 

long before CeONPs, cerium salts were shown to exhibit catalase (Van Noorden and 

Frederiks, 1993; Ivanov et al., 2009), SOD (Wang et al., 1997; Kostova and Traykova, 2006; 

Kostova et al., 2008) and peroxidase(Tian et al., 2015) activities, as well as hydroxyl radical 

scavenging (Yu et al., 1993). In fact, based on these observations, the authors argue that, 

cerium ions leaking into the media are primarily responsible for these activities, and as such 

CeONPs have to be considered only as an effective carrier. For DMSA-CeONPs, further 

studies on cerium ion leakage may be required.  

Ultimately, this study aimed to elucidate the antioxidant potential of DMSA-CeONPs on glial 

cells under oxidative stress. C6 glioma cells were loaded with cerium in the form of NPs or 

bulk and then stressed by incubation in the presence of 100 µM H2O2. Preincubation with 

Un-CeONPs, DMSA-CeONPs or CeCl3 did not prevent the observed loss of LDH activity and 

even accelerated the loss of protein compared to the control. Thus, cerium did not show any 

neuroprotective effect against acute oxidative stress induced by an exogenous H2O2-insult. 

It can be indirectly concluded that Un-CeONPs, DMSA-CeONPs or bulk cerium, once inside 

the cell, did not effectively protect C6 glioma cells. In particular, DMSA-CeONPs further 

inhibited the proliferation of C6 glioma cells when loaded for 24 hours. The uptake of DMSA-

CeONPs alone did not show any effect on extracellular LDH activity, but only after the 3 h of 

exposure to H2O2. The question is whether DMSA-CeONPs showed a pro-oxidant behaviour, 

that together with the H2O2 insult, damaged the C6 glioma cells, or whether the 

accumulation of DMSA-CeONPs over 24 h alone made the cells to be more susceptible to 

oxidative stress. 

As there was no difference in the amount of H2O2 left in the media, it is hypothesized that 

DMSA-CeONPs did not affect the native antioxidant mechanisms of the C6 glioma cells. On 

the other hand, previous results on the uptake of DMSA-CeONPs by C6 cells (data not 

shown) may support that DMSA-CeONPs are internalised more rapidly and to a greater 

extent. Additionally, in a previous study, it was shown that the internalization of DMSA-

CeONPs in primary astrocytes is significantly higher (16 to 3-fold depending on the 

conditions) than that of bulk cerium (see Chapter 2.2). These considerations may suggest 

that an overload of DMSA-CeONPs prior to the insult may sensitize cells, making them more 

susceptible to oxidative stress. In order to narrow down the trigger of the decrease in 

cellular vitality, other assays may be of interest. For example, Hohnholt et al. (2015) 
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observed that the LDH assay was a late predictor of cell damage on cerebellar granule 

neurons, subjected to acute and transient exposure to H2O2. In contrast, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltertrazolium bromide (MTT) reduction or neutral red 

accumulation were able to predict the consequences of oxidative stress earlier. In further 

studies, it may be of interest to analyse whether C6 glioma cells show a decrease in MTT 

reduction or increased neutral red accumulation after uptake of DMSA-CeONPs. 

Similarly, loading primary astrocytes with DMSA-CeONPs did not reduce the WST1 

formazan formation in the presence of β-lapachone. The scavenging capacity of DMSA-

CeONPs was not detectable when internalized. Some superoxide is expected to be generated 

when 3 µM of β-lapachone is added, as indicated by the 50% reduction of WST1 formazan 

in the presence of SOD. This lack of reactivity of DMSA-CeONPs can be attributed to several 

causes. First, the amount of internalization of DMSA-CeONPs within 1 h may be insufficient 

to observe a significant effect. Previously, it was showed that incubation of astrocytes with 

300 µM DMSA-CeONPs for 1 h resulted in internalization of 1.59 µM (see Chapter 2.2). 

Extracellularly, a concentration of 30 µM DMSA-CeONPs did not significantly reduce the 

formation of WST1 formazan, so once internalized, it is very unlikely that a significant 

scavenging effect would be detected. In the case of ionic cerium, the accumulation may have 

been even less, as showed in a previous section as well (see Chapter 2.2). Secondly, the fate 

of the NPs once internalised may prevent their activity. Internalization and subcellular 

localization strongly depend on many factors such as size, shape, coating, oxidation state, 

concentration, time and type of cell (reviewed by Chen and Stephen Inbaraj (2018)). Many 

authors experimenting with different CeONPs, cell lines and conditions have reported 

accumulation of CeONPs in lysosomes among other possibilities. Previous studies from 

Dringen’s laboratory have established that glial cells accumulate iron oxide NPs (Petters 

and Dringen, 2015) and copper oxide NPs (Joshi et al., 2019) in lysosomes. Furthermore, 

the accumulation of CeONPs in lysosomes appears to induce autophagy/apoptosis (Song et 

al., 2014; Qiu et al., 2015; Lord et al., 2016), which may also explain why DMSA-CeONPs did 

not prevent oxidative stress in glial cells. Lastly, in this particular experimental setup the 

likelihood of DMSA-CeONPs being placed in the same cellular space and at the same time, 

where the superoxide is generated by the auto-oxidation of β-lapachol is reduced, and even 

more so considering that 3 µM β-lapachone induces a limited oxidative stress in cultured 

astrocytes (Watermann and Dringen, 2023). 

Therefore, an increase in β-lapachone might be useful to study the acute oxidative effect and 

the potential of DMSA-CeONPs to scavenge superoxide. In line with this, it was previously 
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noted that CeONPs might be more effective in pathological conditions (Rzigalinski et al., 

2017). For the aforementioned reasons in a different experimental setup, the amount of β-

lapachone (20 µM) was increased to study the presence of ROS in cells loaded with DMSA-

CeONPs. Under such conditions, the production of superoxide is thought to cause oxidative 

stress in cultures astrocytes. Indeed, the addition of 20 µM β-lapachone doubled the 

presence of ROS compared to the 0 µM β-lapachone condition, replicating previous results 

(Steinmeier et al., 2020). However, loading of cultured astrocytes with DMSA-CeONPs did 

not reduce ROS formation in this experimental setup either. In absence of β-lapachone, 

DMSA-CeONPs did not reduce the amount of intracellular ROS produced by exogenous H2O2. 

Moreover, when 20 µM β-lapachone was added, the amount of ROS without and with DMSA-

CeONPs was also doubled. Thus, DMSA-CeONPs did not reduce oxidative stress in the cells. 

Interestingly, the addition of exogenous H2O2 to primary astrocytes containing 20 µM β-

lapachone did not further increase the amount of ROS, independently of the presence or not 

of DMSA-CeONPs. These results remain unexplained, however, the simultaneous presence 

of superoxide and H2O2 may produce some side reaction leading to a lower signal. Little is 

still known about the use of β-lapachone in conditions with an external addition of ROS.  

In conclusion, DMSA-CeONPs showed a limited extracellular capacity to scavenge H2O2 and 

superoxide. Under the experimental conditions used, DMSA-CeONPs did not act as 

nanozymes and, therefore, did not catalyse such reactions. There was also no evidence of 

auto-regeneration. Loading glial cells with DMSA-CeONPs did not prevent oxidative stress 

induced by exogenous H2O2 or the electron cycler β-lapachone. As DMSA-CeONPs are 

biocompatible with cultured brain cells at relatively high concentrations, further studies to 

increase their scavenging activity may be advisable. In this direction, it may be of interest 

to functionalize smaller CeONPs with DMSA and to test for their scavenging activity. 

Although the design of the DMSA-CeONPs failed to show an optimal antioxidative potential, 

the experimental setups could still be useful to study other CeONPs with different physico-

chemical properties. Regarding their application as neuroprotectors, further investigation 

of their effect and fate on glial cells is necessary. Moreover, it needs to be considered the 

extension of the study to other types of cells less robust to oxidative stress and metals, such 

as neurons (Herrero-Mendez et al., 2009). 
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3 Summarizing Discussion 

3.1 Coating, functionalization and physicochemical properties 

of cerium oxide nanoparticles 

The CeONPs used in this study were commercially available from Sigma-Aldrich and were 

labeled as cerium (IV) nanoparticles with an average nominal size of 25 nm, as confirmed 

by TEM analysis (Chapter 2.1). The physicochemical characteristics of CeONPs dramatically 

influence their properties and, consequently, their behavior in biological systems (Lord et 

al., 2021). These properties stem from the precursor used and the method of synthesis 

(Nyoka et al., 2020). One of the major problems in translating research results into clinical 

advances is the lack of standardization of CeONPs (Zhao et al., 2017). To overcome this 

problem, the above-mentioned CeONPs were chosen as a standard alternative, since they 

are commercially available in many countries, are not influenced by the particular synthesis 

conditions of each investigation laboratory, and are tested for quality standards. 

CeONPs were coated with dimercaptosuccinic acid (DMSA) by the initial binding of the 

negatively charged carboxyl groups of DMSA to the surface of CeONPs (Fig. 3.1), as 

previously described for iron oxide NPs (IONPs) (Geppert et al., 2011; Hohnholt et al., 2011; 

Petters et al., 2014) and copper oxide NPs (CuONPs) (Bulcke et al., 2014; Joshi et al., 2019). 

It has also been reported that DMSA forms a cage-like structure around the individual NPs. 

Such a cage-like structure results from the oxidation of the thiol groups, which then form 

intermolecular disulfide bridges between the DMSA molecules (Fauconnier et al., 1997; 

Geppert et al., 2011). This coating offers several advantages, that have already been 

described for IONPs (Rastedt et al., 2017) and CuONPs (Bulcke et al., 2014; Joshi et al., 

2019). Due to its properties, DMSA has been used in heavy metal chelation therapy and 

shows high biocompatibility (Miller, 1998; Sevinç et al., 2012; Silva et al., 2016; Kim et al., 

2019). Furthermore, coating with DMSA expands the use of the NPs, as its SH group allows 

the formation of a thioether bound to e.g. drugs (Kossatz et al., 2015), nucleic acids (Galli et 

al., 2017) or fluorescent dyes (Fig. 3.1) (Luther et al., 2013; Petters et al., 2014; Rastedt et 

al., 2017) as adapted for OG-DMSA-CeONPs within this thesis (Chapter 2.1). 



Figure 3.1. Fluorescent labeled CeONPs.
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stable and dispersed in pure H2O after short ultrasonication, but after dispersion in protein-

free physiological buffer, the NPs agglomerated and settled. DMSA-CeONPs, although also 

subject to sedimentation, exhibited a hydrodynamic diameter half that of Un-CeONPs under 

these conditions. Two main factors may contribute to this effect: a change in pH and the 

ionic strength of the media. The pH increases to 7.4 in the media and it approaches the 

isoelectric point or point of zero charge, where the ζ-potential reaches 0 mV and therefore, 

the electrostatic forces become negligible and cannot counterbalance the van der Waals 

attractive forces, leading to agglomeration and sedimentation. For Un-CeONPs, such an 

isoelectric point has been reported at around pH 8 (Baalousha et al., 2012) and this may 

explain the strong aggregation observed. Un-CeONPs and DMSA-CeONPs are affected by 

variations in the pH and therefore, steric forces do not seem to play a role in their colloidal 

stability. At the same time, the ionic strength of the solution was remarkably increased. 

Dispersion of NPs in ion-rich media but in the absence of proteins has been reported to 

significantly increase the hydrodynamic diameter of NPs showing an absolute value of ζ-

potential greater than 15 mV (Saptarshi et al., 2013; Aires et al., 2017), as it was the case for 

Un-CeONPs and DMSA-CeONPs (Chapter 2.1). Explained in terms of the extended DLVO 

theory, such an increase in ionic strength exerts a certain compression on the electric 

double layer formed by the ions with opposite charge to that of the NPs at the surface which 

are distributed in a diffuse layer around the NPs, thus reducing the colloidal stability of the 

suspension. It has also been described that NPs, whose colloidal behavior is determined by 

electrostatic forces, tend to aggregate more frequently in the presence of multivalent 

electrolytes due to shielding of the electrostatic forces (Allen and Matijević, 1969; Galli et 

al., 2020).  

The addition of protein, in the form of bovine serum albumin (BSA) or fetal calf serum (FCS) 

prevented agglomeration. This phenomenon has also been reported for gold NPs (Mahl et 

al., 2010), ZnONPs (Tantra et al., 2010), IONPs (Geppert et al., 2011) or CuONPs (Bulcke et 

al., 2014). However, a contradictory destabilization of the NPs when introduced into a 

medium containing serum have also been described (Mahmoudi et al., 2011). In this thesis, 

BSA or FCS are likely to improve the stability of NPs in ion-rich media by forming a protein 

corona of albumin. It is hypothesized that such an albumin-corona avoids an uncontrolled 

and non-uniform protein adsorption and therefore, leads to an increase in the colloidal 

stability of the NPs. The specific adsorption mechanisms of the protein to Un-CeONPs or 

DMSA-CeONPs were not the focus of this study, but previous reports have found that 

albumin most likely binds to the NPs surface via electrostatic interactions (Treuel et al., 
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2015). Despite the importance of the protein corona and its interaction with the NPs, the 

knowledge in this field is still limited, more likely due to the complexity of its analysis. 

The addition of BSA or FCS may also facilitate the uptake of DMSA-CeONPs by astrocytes or 

C6 glioma cells (Walkey et al., 2015). Furthermore, it has been observed in vivo that 

intraperitoneal injections of NPs form a spontaneous protein corona, the main component 

of which is albumin (Konduru et al., 2017; Simon et al., 2021), as albumin is found in high 

concentration in blood (Moman et al., 2017). Along this line, the in vitro study of DMSA-

CeONPs in the presence of albumin or FCS may better mimic in vivo conditions. However, 

the presence of BSA and FCS presents also disadvantages. The physicochemical properties 

of the NPs are strongly influenced by the properties of the protein corona. Moreover, factors 

such as the thickness of the protein adsorption, the full or patched cover of the NPs and the 

stability of the corona can hinder the catalytic activities of the NPs. For example, Ju et al. 

(2020) observed that commercial CeONPs lost almost all of their antioxidant activity when 

fetal bovine serum was added to the medium compared to serum free medium. 

The colloidal stability of Un-CeONPs and DMSA-CeONPs was strongly reduced in the 

presence of phosphate. In PBS, which contains 20 mM phosphate, the NPs strongly 

agglomerated. Similarly, when dispersed in IB-BSA containing phosphate (0.8 mM), their 

hydrodynamic diameter tended to increase significantly. In this thesis, phosphate was left 

out in the preparation of IB or IB-BSA to avoid interfering with the colloidal stability of the 

NPs and PBS was not used to disperse them. Interestingly, DMEM contains ~1 mM 

phosphate but in this case, no effects on the hydrodynamic diameter or polydispersity index 

were observed. Previous reports have described that CeONPs also agglomerate in the 

presence of high concentrations of phosphate (Singh et al., 2011). Some other investigations 

have pointed out that Ce3+, but not Ce4+, on the surface of the NPs interacts with the 

phosphate anion and even lead to the depletion of the superoxide dismutase mimic activity 

of such NPs (Singh et al., 2011; McCormack et al., 2014; Singh and Singh, 2015). 

Taken together, DMSA-CeONPs dispersed in IB-BSA in the absence of phosphate or in DMEM 

containing 10% FCS, possessed high stability and were considered as suitable tool to further 

investigate their biocompatibility, uptake and accumulation by glial cells and their potential 

as reactive oxidant species (ROS) scavengers. 
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3.2 Uptake and accumulation of cerium in glial cells 

Data on the uptake of CeONPs are scattered and highly subjected to specific CeONPs and cell 

lines. Furthermore, the internalization and fate of CeONPs by glial cells has not been 

investigated in detail. Most of the publications focus on the investigation of the biological 

activity of CeONPs and the uptake is only confirmed by the quantification of the cerium 

content, thus overlooking the specific mechanism or the kinetics of uptake. In this thesis, 

two different methods were adapted to investigate their internalization. DMSA-CeONPs 

were successfully functionalized with the fluorescent dye Oregon Green (OG) and their 

uptake, by C6 glioma cells and astrocytes, was monitored microscopically. Cerium uptake 

was also quantitatively assessed by ICP-OES. DMSA-CeONPs did not simply diffuse across 

the cell membrane of glial cells, but were actively internalized as indicated by the increase 

in intracellular cerium detected by fluorescence microscopy and ICP-OES when cells were 

incubated in the presence of DMSA-CeONPs at 37°C compared to 4°C. At 4°C, the 

fluorescence signal was weak and diffuse and can be interpreted as the signal from the 

fluorescent NPs adsorbed extracellularly to the cell membrane. Indeed, glial cells 

accumulated DMSA-CeONPs in a time- and temperature-dependent manner (Chapter 2.1). 

The accumulation of DMSA-CeONPs was rapid and after only 15 min OG-DMSA-CeONPs 

were already visible intracellularly. Furthermore, from the observations presented in this 

thesis, it can be concluded that astrocytes and C6 glioma cells appear to have similar 

mechanisms and kinetics for the internalization of DMSA-CeONPs, at least when exposed to 

a high concentration (1 mM) and for short incubation times. This is consistent with the 

findings of Asati et al. (2011) on the internalization of CeONPs in healthy versus cancer cells 

(Table 3.1). These authors did not find differences in the uptake due to the type of cell 

investigated but due to the surface charge of the CeONPs applied.  

It is hypothesized that DMSA-CeONPs are taken up by glial cells by endocytosis, as has been 

described for CeONPs in several cell lines (Singh et al., 2010; Chen et al., 2013; Vassie et al., 

2017; Wang et al., 2021). This is in line with previous findings that show that metal oxide 

NPs are generally internalized by endocytic pathways irrespective of the cell line studied 

(Iversen et al., 2011; Chen et al., 2017; Rennick et al., 2021). Such uptake of DMSA-CeONPs 

is proposed to follow several steps: (1) adhesion to the cell surface membrane, (2) vesicle 

formation by deformation of the plasma membrane (3) detachment of the vesicle from the 

membrane (4) migration of the vesicles to specific subcellular targets and finally (5) storage 

in endosomes or lysosomes for digestion or degradation. The accumulation of OG-DMSA-

CeONPs in endosomes is suggested by the observation of a dotted intense fluorescence 
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signal after 30 min, which appears to migrate to perinuclear locations over time. Such a 

signal is thought to be generated by the accumulation of many OG-DMSA-CeONPs at this 

site. Lysosomal formation has been shown to require ~30 min (Canton and Battaglia, 2012; 

Thimiri Govinda Raj and Khan, 2016), which is consistent with the microscopic 

observations of this thesis. In this line, CeONPs have been reported to accumulate in 

different compartments of the endocytic pathway, as summarized below (Table 3.1). Such 

accumulation has been shown to be cell- and NP-dependent (Canton and Battaglia, 2012; 

Rennick et al., 2021). 

Glial cells have been studied for the internalization of other types of NPs, such as DMSA-

IONPs and DMSA-CuONPs under conditions similar to those presented here. Indeed, these 

NPs share, some hallmarks with DMSA-CeONPs. Uptake by C6 glioma cells and astrocytes 

occurs in a time-, concentration and temperature-dependent manner (Geppert et al., 2011; 

Bulcke et al., 2014; Petters et al., 2014; Petters and Dringen, 2015; Joshi et al., 2019) and the 

accumulation of these NPs shows no differences between C6 glioma cells or cultured 

astrocytes (Geppert et al., 2011; Rastedt et al., 2017; Willmann and Dringen, 2018; Joshi et 

al., 2019). However, the amount of DMSA-IONPs taken up by the cells is clearly higher than 

the amount of DMSA-CuONPs (Rastedt et al., 2017; Joshi et al., 2019). The intracellular 

content of cerium observed in this thesis after incubation at 37°C for 1 h is much more 

similar to that of DMSA-CuONPs (Joshi et al., 2019). Interestingly, the incubations of DMSA-

CuONPs and DMSA-CeONPs, were performed in the presence of BSA. Previous studies have 

also shown that absolute uptake, both in C6 glioma cells and cultured astrocytes, is reduced 

by 80-90% in serum enriched medium. This observation has also been reported for other 

neural cells (Geppert et al., 2013; Petters et al., 2014; Petters and Dringen, 2015) and for 

other types of NPs (Ju et al., 2020). Such a decrease in accumulation, compared to DMSA-

IONPs, can therefore be attributed to the protein corona, which may limit the adsorption of 

the NPs to the cell membrane. In the case of DMSA-CeONPs, as mentioned above, the 

addition of serum to the incubation medium was mandatory to avoid agglomeration and 

sedimentation. Also, considering their potential use as nanotherapeutics, the presence of a 

protein corona mimics more realistic in vivo conditions, and therefore, the study of the 

uptake under these conditions provides a better understanding of the accumulation. 
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Table 3.1. Trafficking of fluorescent CeONPs reported in diverse mammalian cell 
types 

Labeling dye 
Size(a) 

(nm) 

ζ-potential(b) 

(mV) 

Cell 

organelle(c) 
Cell type Reference 

FITC1 8 -10* Endosomes, 

lysosomes 

Macrophage and 

epithelial cells 

Xia et al. 

(2008) 

Carboxyfluorescein 50 -18.2*** Cytoplasm, 

mitochondria, 

lysosome 

nucleus 

Human 

keratinocytes 

Singh et al. 

(2010) 

DiI2 3±0.5 ~+25N/A Lysosome Cardiac myocites, 

embryonic kidney 

cells, lung 

carcinoma cells 

Asati et al. 

(2011) 

~0N/A Cytoplasm Cardiac myocytes, 

embryonic kidney 

cells, lung and 

breast carcinoma 

cells 

~-43N/A Lysosome Lung carcinoma 

cells 

ATTO 647 N-APS 18± 5 -24.0 ± 0.3** Endosome, 

secondary 

lysosome and 

cytoplasm 

Microvascular 

endothelial cells 

Strobel et al. 

(2015) 

FITC1 7 

94 

+4.82**** 

N/A3 

Cytoplasm, 

endosome, 

caveolae and 

lysosome 

Human ovarian and 

colon cancer cells 

Vassie et al. 

(2017) 

Cy5 7,8 -1.1***** 

+5.8***** 

Endosome Brain endothelial 

cells 

Goujon et al. 

(2021) 

Cy5.5 5 -3.9 Lysosome Brain microvascular 

endothelial cells and 

hippocampal 

neurons 

Li et al. 

(2022) 

Abbreviations: 1FITC: fluorescein isothiocyanate; 2DiI: Dioctadecyl-3,3,3´,3´-
tetramethylindocarbocyanine perchlorate, 3N/A: not available 

(a) Size and form determined by TEM 
(b) ζ-potential determined by ELS: in *cell medium, ** cell medium enriched with serum, ***pBS, **** 

water, ***** acetate buffer 
(c) Cell organelles in which CeONPs were determined to be localized once internalized by the cells 
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Further comparison shows that the cellular uptake of NPs is also limited by another factor, 

which may be independent of the nature or the physicochemical properties of the different 

DMSA-NPs and is more likely conditioned by the cell type. Adsorption of the DMSA-IONPs, 

DMSA-CuONPs and DMSA-CeONPs to the cell membrane resulted in 70% of the total metal 

detected when the cells were incubated at 37°C (Bulcke et al., 2014; Rastedt et al., 2017; 

Joshi et al., 2019)( Chapter 2.1). These data may indicate that the maximum uptake rate is 

reached under these conditions, and thus, the adsorption process or the endocytic 

mechanisms in glial cells actually limit internalization rather than the nature or the 

physicochemical conditions of the different NPs in glial cells. 

The uptake of ionic cerium into cells is more difficult to elucidate than that of CeONPs 

because it cannot be tracked by fluorescent labelling and observed under the microscope. 

In fact, no specific studies on the uptake and the possible transporters involved in cerium 

uptake in mammalian cells could be found in the literature. However, in the present thesis, 

it was observed by ICP-OES that the amount of ionic cerium internalized by astrocytes after 

3 days of incubation is 16 times lower than if presented as NPs (Chapter 2.2). This suggests 

that NPs presenting a protein corona are more effectively taken up by cultured astrocytes 

via endocytosis than cerium ions. However, another possibility that cannot be ruled out is 

that the aforementioned adsorption of DMSA-CeONPs to the cell membrane occurs to a 

greater extent and is accounted for as internalized cerium when quantified by ICP-OES, 

whereas non-internalized ionic cerium is effectively washed away.  

3.3 Cell viability and proliferation of glial cells treated with 

cerium 

CeONPs are considered to be biocompatible as thoroughly demonstrated in vitro with 

different cell types (Fisichella et al., 2014; Urner et al., 2014; Forest et al., 2017) and even in 

vivo (reviewed in Dhall and Self (2018). However, several reports pointing out some toxicity 

can also be found in the literature (Yokel et al., 2014; Gagnon and Fromm, 2015; Rosário et 

al., 2020; García-Salvador et al., 2021). The redox activity of CeONPs has been identified as 

a determining factor for their toxicity (Datta et al., 2020). As an important first step, results 

showed that incubation with DMSA-CeONPs or ionic cerium did not affect cell viability of 

glial cells under the conditions tested, and therefore, these compounds can be considered 

as biocompatible (Chapter 2.1, 2.2 and 2.3).  
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However, the investigation of antioxidants aims at identifying compounds that increase the 

lifespan of cells (Gulcin, 2020), usually demonstrated by a reduction in apoptotic cells (Kahl 

et al., 2004; Park et al., 2020). Cell death is the result of a very complex mechanism that can 

be triggered by the activation of different signalling cascades (Ryter et al., 2007). Exogenous 

H2O2 is widely used to activate the apoptotic pathway. In a pioneering study concerning 

biomedical applications of CeONPs, Rzigalinski (2005) observed an increase in lifespan in 

cells treated with CeONPs. Furthermore, CeONPs have also been reported to reduce the 

proportion of apoptotic cells induced by H2O2 in a concentration-dependent manner (Chen 

et al., 2013; Arya et al., 2014; Zhou et al., 2014). These studies have shown that CeONPs 

reduce several signals of apoptosis, such as DNA fragmentation and loss of mitochondrial 

membrane potential (Ryter et al., 2007) and these effects had been seen to be intrinsically 

linked to their antioxidant behaviour (Celardo et al., 2011; Chen et al., 2013; Arya et al., 

2014). However, in the presented thesis, the loss of ~ 50% of the viability by application of 

H2O2 could not be prevented. The experimental setup presented here (Chapter 2.3) 

simulated an acute episode of oxidative stress. However, under these conditions neither 

DMSA-CeONPs nor cerium ions acted as ROS scavengers (Chapter 2.3) nor were able to 

reduce the extend of cell death in C6 glioma cells. Interestingly, CeONPs and ionic cerium 

did not act as antiproliferative compounds either. C6 glioma cells pre-incubated with cerium 

did not show a further increase in the loss of intracellular LDH activity or protein content 

(Chapter 2.3).  

Based on the literature, other possible scenario may have been that DMSA-CeONPs showed 

antiproliferative effects in C6 glioma cells. Indeed, CeONPs have been suggested as 

anticancer agents. Many studies have already reported that they cause selective apoptosis 

in cancer cells and even suppress the proliferation of tumour cells (reviewed by Gao et al. 

(2014)). DMSA-CeONPs caused a significant loss in proliferation only in C6 glioma cells 

preincubated with 1 mM DMSA-CeONPs for 24 h and incubated with 100 µM H2O2 (Chapter 

2.3; Fig. 10). This observation may account for a synergistic effect and not only due to the 

presence of DMSA-CeONPs per se because, as shown in previous results (Chapter 2.1), 

DMSA-CeONPs at this concentration and incubation time showed no cytotoxicity in either 

astrocytes or glioma cells. 

An interesting, and not thoroughly investigated question regarding proliferation, is how 

CeONPs are distributed in dividing cells and what are the consequences of the mitosis on 

the possible therapeutic effect of the NPs, particularly in cancer cells. In the case of CeONPs, 

there are no reports addressing this issue, and even the influence of CeONPs exposure on 
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the cell cycle remains controversial (Mittal and Pandey, 2014; Rosário et al., 2020). In this 

thesis, C6 glioma cells presented a rapid duplication rate (~20 h) (Joshi et al., 2016), and 

their microscopic observation revealed the presence of numerous cells in different phases 

of the mitosis (data not shown). Twenty-four hours preincubation with DMSA-CeONPs 

exceeds such doubling time, so all cells should have completed at least one division cycle 

during this time. However, how the different cell phases interfere with the uptake and how 

the cellular partitioning of the NPs occurred needs to be further investigated.  

Regarding other types of NPs, Kim et al. (2012) showed that the rate of uptake of 

carboxylated polysterene NPs by human lung carcinoma cells was not affected by the 

cellular phase, but the total accumulation presented differed from cells entering the cell 

cycle as they could accumulate NPs longer than cells just dividing. In addition, Summers et 

al. (2011) showed that the partitioning of vesicles containing CdTe/ZnS quantum dots in 

human osteosarcoma cells was asymmetric and their dilution over generations was random 

but biased as it is the mitotic division of endosomes (Bergeland et al., 2001; Daeden and 

Gonzalez-Gaitan, 2018). Such asymmetry in vesicle partitioning may confer an adaptative 

advantage to cells, reducing the potential damage of an externally delivered toxin. This 

knowledge impacts on the future use of NPs as therapeutics, as it can be inferred that cancer 

cells experience greater dilution of the NP load than healthy cells, which replicate 

significantly less. Furthermore, the time required for glial to wash away CeONPs is also 

unknown, but it has been reported that human endothelial cells actively exocytose 70% of 

CeONPs within the first 48 h of incubation (Strobel et al., 2015). Although no data are 

available, some of this extrusion may also occur within the first 24 h. Taken together, these 

facts add additional uncertainty to any future pharmacodynamic prediction of the 

treatment with CeONPs against cancer. 

3.4 Stimulation of astrocytic metabolism by cerium 

As mentioned in the previous section, DMSA-CeONPs were not toxic to glial cells. In the 

present thesis, loss in cell viability was only observed in cells, which were subjected to an 

acute episode of oxidative stress after incubation with DMSA-CeONPs at a relatively high 

concentration (Chapter 2.3). However, DMSA-CeONPs caused an up-regulation of glucose 

metabolism in cultured astrocytes (Chapter 2.2), thus altering the metabolic homeostasis of 

the cells. Interestingly, the increase in extracellular lactate was similar to that caused by 

chemical stabilizers of the hypoxia inducible factor 1α (Hif-1α). Furthermore, cells 

preincubated with DMSA-CeONPs and main incubated with stabilizers of Hif-1α showed the 
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same acceleration in the glycolytic flux. The proposed stabilization of Hif-1α by DMSA-

CeONPs could be caused by two different mechanisms: (1) DMSA-CeONPs caused local 

hypoxia and/or oxidative stress or (2) DMSA-CeONPs chemically interfered with the 

degradation of Hif-1α by, for example by inhibiting the prolyl hydroxylase domain-

containing enzymes (PHDs). Similar stimulatory effects on the glycolysis were recorded for 

ionic cerium (Chapter 2.2). These observations seem to point out that cerium, regardless 

whether it is presented as NPs or in its ionic form, stabilized Hif-1α. It is therefore 

hypothesized that the cerium ions leaking from the NPs are ultimately responsible for the 

observed alterations. 

To understand the likelihood that DMSA-CeONPs and/or ionic cerium stabilize Hif-1α, it 

may be noted that Hif-1α pathway is activated by oxygen-independent factors such as 

transition metals (Li et al., 2006; Aschner et al., 2023), nitric oxide (Sandau et al., 2001; Yang 

et al., 2023), ROS (Galanis et al., 2008; Movafagh et al., 2015), growth factors (Lee et al., 

2004) or mechanical stress (Feng et al., 2017; Shimomura et al., 2021) (Fig. 3.2). Such 

stimuli typically trigger a complex cascade of responses in the cell leading to Hif-1α 

stabilization (Lee, 2021). Recent research has also included NPs as a potential stabilizer of 

Hif-1α (Aschner et al., 2023). In fact, CeONPs were previously suspected of causing hypoxic 

conditions in cells (Das et al., 2012). The authors reported that CeONPs activate Hif-1α by 

first sequestering intracellular oxygen and then releasing it when the flip-flop between Ce3+ 

and Ce4+ occurred. In a recent report, CeONPs were observed to significantly upregulate Hif-

1α in human bone marrow-derived mesenchymal stem cells after irradiation (Wei et al., 

2023). However, in this study the mechanism remains unknown. Other NPs have been found 

to stabilize Hif-1α. Similar to the results presented in this thesis, nickel oxide NPs were 

reported to leak nickel (II) ions after 24 h in human lung epithelial cells, causing the 

stabilization of Hif-1α by competing with iron sites on PHD (Pietruska et al., 2011). 

However, nickel oxide NPs caused a more potent and sustained activation of the Hif-1α 

signaling pathway. The authors conclude that the delivery of the nickel ions by ion 

transporters was less efficient than the endocytosis and release of ions after dissolution of 

the NPs (Pietruska et al., 2011). In the case of DMSA-CeONPs, it is thought that the NPs began 

to dissolve and release ions after accumulating in lysosomes as shown for nickel release 

from nickel oxide NPs, however, the mechanism for stabilizing Hif-1α may be the reaction 

of cerium with oxygen, leading to local hypoxia, as previously suggested by Das et al. (2012). 

Ion leakage from CeONPs has not been systematically approached, much less in biomedical 

research. However, some ecological studies have assessed the dissolution of the NPs as an 
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indicator of toxicity. Dahle et al. (2015) showed that above pH 5, dissolved ions from 

CeONPs were not detected, while at more acidic values, the ions in solution increased 

inversely with pH. Similarly, Galyamin et al. (2022) showed that CeONPs dissolved over time 

at acidic pH, as Ce3+ ions remain in solution at this pH, they cannot be re-oxidized to Ce4+ 

and therefore, cannot regain the oxygen into their crystal fluorite structure. It was also 

determined that the dissolution rate increased with increasing acidification of the solution 

and decreasing size of the NPs (Galyamin et al., 2022). For example, at pH 4.4, 3 nm CeONPs 

dissolved in ~6o hours while at pH 1.7 it took less than 3 hours. Dissolution of NPs has also 

been observed for other metal NPs such as CuONPs or ZnONPs (Wang et al., 2013; Fatehah 

et al., 2014; Odzak et al., 2014; Wang et al., 2020). In the case of DMSA-CuONPs, the leakage 

of copper ions led to a significant increase in toxicity in cultured astrocytes and C6 glioma 

cells. Interestingly, the glycolytic flux was also accelerated under these conditions and 

correlated with the presence of ions (Bulcke and Dringen, 2015; Joshi et al., 2019). 

Furthermore, incubation of C6 glioma cells with DMSA-CuONPs and a copper chelator 

significantly reduced toxicity and extracellular lactate accumulation (Joshi et al., 2019).  

The conditions for the dissolution of DMSA-CeONPs can be explained by their accumulation 

in lysosomes within the cells, as mentioned above. The characteristic pH in lysosomes is 4.5-

5.0. In the present thesis, the time for the observation of an increase in the glycolytic flux 

was ~ 48 hours, which is also consistent with the time required for the engulfment and 

distribution of CeONPs within lysosomes of glial cells, and also with the dissolution rate 

shown by Galyamin et al (2022). However, an equivalent time was also required to stimulate 

the glycolytic flux of cultured astrocytes incubated with Ce3+ (Chapter 2.2). Therefore, the 

delay in the stimulation of the glycolytic flux cannot solely be explained by the time required 

for the dissolution of the DMSA-CeONPs inside the lysosomes or the time required for the 

internalization of ionic cerium, but also may depend on the time required for the 

stabilization of the Hif-1α factor, the start of transcription and the synthesis of proteins 

related to its stabilization. The stimulation of the glycolytic flux by copper also requires the 

synthesis of proteins (Scheiber and Dringen, 2011). In this line, in a preliminary study 

performed (data not shown), it was observed that cells preincubated with DMSA-CeONPs 

and then incubated for 3 days with an inhibitor of protein synthesis, cycloheximide, did not 

stimulate the glycolytic flux. These preliminary results seem to support the hypothesis that 

DMSA-CeONPs and ionic cerium stimulate the protein synthesis mediated by Hif-1α.  
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Figure 3.2. Schematic representation of the regulation of hypoxia-inducible factor 1 
α (Hif-1α) pathway by the presence or absence of oxygen. Under normoxia, Hif-1α is 
hydroxylated by prolyl hydroxylase domain proteins. This allows the binding of von Hippel 
Landau (VHL) proteins which via Elongin C, recruits a ubiquitin ligase complex, leading to 
Hif-1α ubiquitination and proteosomal degradation. In the absence of oxygen or due to 
other stimuli, Hif-1α is stabilized and subsequently dimerize with a hypoxia-inducible factor 
1 β (Hif-1β) subunit, enabling the interaction with hypoxia-responsive elements (HREs) in 
a wide range of gene promoters in the nucleus. This transactivation drives cellular 
responses to hypoxia which also involve the expression of genes codifying for glycolytic 
enzymes and glucose and lactate transporters. Created as an adaptation from Koyasu et al. 
(2018) using Biorender.. 

3.5 ROS scavenging potential of DMSA-CeONPs 

The results shown in this thesis provide evidence for the ROS scavenging capacity of DMSA-

CeONPs. However, this capacity was only detectable in the extracellular space (Chapter 2.3) 

as no proof for a potential scavenging of ROS in cells was observed when DMSA-CeONPs had 

been internalized.  

The ROS scavenging capacity of CeONPs have accumulated a strong scientific evidence along 

the last two decades (Casals et al., 2020). Many studies have reported the scavenging of H2O2 

and superoxide by CeONPs (Table 3.2) and have additionally attempted to infer intrinsic 

features that optimize such capacities. In this line, and as already discussed extensively in 

this thesis, the size, the shape, the ζ-potential, the Ce3+/Ce4+ ratio, the coating, the protein 

corona or the synthesis method have been investigated (Lee et al., 2013; Gupta et al., 2016; 
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Naganuma, 2017; Dhall and Self, 2018; Singh et al., 2021; Wu and Ta, 2021). Similarly, the 

cell line, the uptake pathway or the subcellular environment have been tested to determine 

their influence on the ROS scavenging potential of CeONPs (De Marzi et al., 2013; Walkey et 

al., 2015; Nelson et al., 2016). This wealth of literature data seems to indicate that all these 

factors contribute to the effective scavenging of ROS by CeONPs, with size, Ce3+/Ce4+ ratio, 

the protein corona and the subcellular environment being prominent limiting factors.  

From the results obtained in the presented thesis, it can be stated that the coating and the 

protein corona do not limit the ROS scavenging capacity, since the experiments within this 

thesis included Un-CeONPs or ionic cerium as controls and showed similar results. 

However, from literature analysis, the limited scavenging activity of DMSA-CeONPs may be 

explained by its size. A reduction in their nominal size to 5 nm or less may result in an 

enhancement of its scavenging capacity. Cafun et al. (2013) observed that CeONPs with a 

nominal size of 25 nm did not react significantly with extracellular H2O2 compared to 3 and 

10 nm CeONPs. This observation can be explained by the quantum confinement effect, 

which correlates a decreasing size with the presence of Ce3+ and oxygen vacancies 

(Skorodumova et al., 2002) and is consistent with other experimental reports where smaller 

NPs showed an enhanced scavenging activity (see references in Table 3.2). While DMSA-

CeONPs did show extracellular scavenging capacity, these arguments may explain why 25 

nm DMSA-CeONPs did not show catalase or SOD mimic behaviour but rather reacted 

stoichiometrically with H2O2 and superoxide.  

The observation that DMSA-CeONPs did not act as a catalyst in ROS clearance had a major 

impact on the results presented here. Firstly, it lowers their potential relevance as 

nanotherapeutics as there are other antioxidant compounds that are also easily consumed 

during their interaction with ROS (i.e. ionic cerium, vitamins C, E or A) and may not present 

the risks of working in the nanoscale (Lee et al., 2020). In addition, the lack of catalytic 

activity, together with the influence of the subcellular environment, also limited to some 

extent the experiments to test their intracellular antioxidant capacity. Initially, it was 

hypothesized that DMSA-CeONPs would act as catalase and/or SOD nanozymes, and 

therefore, the experimental design envisaged loading the cells with such catalysts prior to 

the oxidative challenge. The pre-incubation times (1 and 24 h for the H2O2 incubation or 4 

h for the superoxide test) and the different concentrations used were set up from uptake 

observations. 

Direct incubation with ionic cerium was expected to reduce cell loss in a greater extent than 

DMSA-CeONPs, as extracellular CeCl3 was shown to extracellularly scavenge significantly 
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more H2O2 than DMSA-CeONPs. However, after internalization, no protective effect was 

observed. 

Table 3.2. Selected studies demonstrating CeONPs scavenging of ROS extracellularly 
(E) and/or intracellularly (I) in mammalian cells. 

Sizea 

(nm) 
 (E)/ (I) Cell type 

Pre-incubation 

time (h) 
Reference 

H2O2 

    Rzigalinski (2005) 

5  I Retinal neurons 12, 24, 96 Chen et al. (2006) 

2-5 E/I Spinal cord neurons 30 days Das et al. (2007) 

10-15 E - - 
Pirmohamed et al. 

(2010) 

3, 10 E - - Cafun et al. (2013) 

5-80 I PC12 neuronal-like cells 7, 2 Ciofani et al. (2013) 

20 I Endothelial cells  Chen et al. (2013) 

9-11 E - - Naganuma (2017) 

2-3 E - - Gil et al. (2017) 

4.5, 8, 

23, 28 
E - - Baldim et al. (2018) 

2-2.5 E/I Hippocampal brain slice 72  Estevez et al. (2019) 

12 E/ I Skin keratinocytes 3 Singh et al. (2021) 

2 E/I Osteoblastic cells 1 Ju et al. (2021) 

4, 14 I 
Kidney and bone marrow 

cells 
24 Shlapa et al. (2022) 

5, 8, 

23, 28 
E - - Finocchiaro et al. (2023) 

Superoxide 

3-5 E   Korsvik et al. (2007) 

16 E - - Clark et al. (2011) 

2-3 E - - Gil et al. (2017) 

4.5, 8, 

23, 28 
E - - Baldim et al. (2018) 

2-2.5 E/I Hippocampal brain slice 72  Estevez et al. (2019) 

82 I Macrophage RAW 264.7 24 Khurana et al. (2019) 

3  E - - Sozarukova et al. (2020) 

3-5 I Retinal tissue - Shin et al. (2022) 

12-18 E - - Baranchikov et al. (2023) 

a: determined by TEM 
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Further analysis of the data revealed that the H2O2 concentration in the media after 3 h 

incubation was minimal and independent of the presence or absence of cerium prior or not 

to the insult (Chapter 2.3). It demonstrates that the endogenous ROS detoxification 

mechanisms effectively removed exogenous H2O2 from the media. However, the ~50% loss 

of viability within 3 h could not be prevented. The experimental setup presented here 

simulates an acute episode of oxidative stress. C6 glioma cells had been seen to dispose 100 

µM of exogenous H2O2 dissolved in 2 mL medium with a half-time of 15 min for a cell number 

of 4x105 (Gülden et al., 2010). In addition, Gülden et al. (2010) also established that the 

viability of 4x105 C6 glioma cells after 24 h of treating cells with 1 mL well-1 medium 

containing 100 µM H2O2 were reduced to the 50% compared to not treated cells. These 

results are very similar to the presented in this thesis. Differences on the amount of time 

required to observe the effects can be explained from the experimental setup and especially 

due to the volume of incubation used (Gülden et al., 2010). Wiese et al. (1995) pointed out 

that cell density may account for differences in H2O2-induced damages in vitro, however 

Gülden et al. (2010) only found statistical differences depending on cell concentration and 

incubation volume in the H2O2-detoxification by C6 glioma cells.  

Different antioxidative systems are involved in the detoxification of H2O2 in glial cells (see 

Chapter 1, Fig. 1.2). Catalase activity in C6 glioma cells has been shown to be relatively high 

(Makino et al., 2008) but on the contrary, cells present a low glutathione peroxidase (GPx) 

activity (Makino et al 2008), at least when compared to astrocytes. These findings result in 

an antioxidant profile of C6 glioma cells based preferentially on catalase disproportionation. 

Astrocytes, in contrast, rely on a combined H2O2-detoxification driven by GPx and catalase. 

Other cell types, as for example human umbilical vein endothelial cells, presented an 

enhanced activity of glucose-6-phosphate dehydrogenase, involving that H2O2-

detoxification first implies a strong activation of the oxidative step of the pentose phosphate 

pathway (Gülden et al., 2010).  

CeONPs have previously been reported to efficiently mitigate the damage in acute episodes 

of oxidative stress (Table 3.2 and references therein). To significantly contribute to the 

intracellular detoxification of H2O2, CeONPs require access to H2O2 and need to present a 

low ratio Ce3+/Ce4+ (Pirmohamed et al., 2010). Data from the presented thesis suggest that 

DMSA-CeONPs seem to accumulate in lysosomes and due to the pH probably favour a high 

Ce3+/Ce4+ ratio. In the case of ionic cerium, CeCl3, is presented as Ce3+. These factors may 

account for the absence of cell protection against H2O2. 
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The superoxide dismutase (SOD) mimic activity of DMSA-CeONPs was also investigated by 

exploiting the endogenous generation of superoxide in the reduction of the electron cycler 

ß-lapachone. Such a reaction is coupled to the reduction of the extracellular water-soluble 

tetrazolium salt 1 (WST1) into the yellow WST1 formazan (Steinmeier et al., 2020), which 

it is then, measured by spectrophotometry. NQO1 seems to be the only responsible for the 

reduction of ß-lapachone and, therefore, when it is inhibited by dicoumarol, superoxide 

production is abolished (Steinmeier et al., 2020). This paradigm has recently been proposed 

as an indicator of the cytosolic redox metabolism of cultured primary astrocytes 

(Watermann and Dringen, 2023) and provides the framework to investigate the 

contribution of DMSA-CeONPs as extracellular redox scavengers. In this thesis, DMSA-

CeONPs, and ionic cerium efficiently scavenged superoxide from the extracellular space 

under these conditions, but when cultured astrocytes were pre-incubated for 4 h with 

DMSA-CeONPs, no decrease of superoxide was recorded (Chapter 2.3). 

Recently, Boey et al. (2021) reported that human hepatic stellate cells LX2 significantly 

reduced NQO1 expression when incubated for 24 h in the presence of 500 µM CeONPs. It 

should be noted that CeONPs were purchased from Sigma-Aldrich and were therefore 

identical to those used in the present thesis, except that they were not further coated with 

DMSA. A decrease in ROS generation was also observed by Boey et al (2021). As a result, the 

total activity of nuclear factor erythroid 2-related factor 2 (Nrf2) was also significantly 

reduced. Nrf2 is a key regulator that controls the cellular response to oxidative stress 

(Vomund et al., 2017; He et al., 2020). It controls the expression of phase II detoxification 

enzymes such as glutathione S-transferase (Chanas et al., 2002; Jaganjac et al., 2020), and 

enzymes directly involved in the detoxification of electrophiles such as NQO1 (Nioi et al., 

2003; Dinkova-Kostova and Talalay, 2010).  

As listed in Table 3.2, many reports have effectively determined the catalysis of H2O2 and/or 

superoxide removal by CeONPs. These and many other capabilities have earned them the 

name of nanozymes. This name was first time used in 2004 (Manea et al., 2004) for an 

assembly of triazacyclonane/Zn2+ in gold NPs and its use was expanded after the review of 

Wei and Wang (2013). However, some experts in the field of catalysis and enzymology are 

deliberately against this term (Scott et al., 2020). Indeed, their arguments were presented 

in the quoted ACS Catalysis editorial entitled “Nano-apples and orange-zymes” (Scott et al., 

2020). It is argued that the principles that rule the ability of NPs to catalyse e.g. H2O2 

disproportionation are not related to the principles of biochemistry or enzymatic catalysis. 

In this line, it is also observed that artificial enzymes preserve the essential features of the 
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original active site, which implies some structural and/or functional similarity to the native 

enzyme. Furthermore, the authors remark that the quantitative comparison between the 

scavenging potential of NPs and a specific enzymatic activity is misleading, since in many 

cases the number of active sites of the NPs is unknown. On the contrary, experts in the field 

of the nanomaterials (NMs) defend the use of the term nanozyme because these NMs 

catalyse the conversion of enzyme substrates into products and follow enzymatic kinetics 

(e.g. Michaelis Menten) although the ultimate mechanism differs from the corresponding 

native enzyme (Wei et al., 2021). In addition, there have been remarkable efforts to mimic 

the structural design of natural enzymes (Zhang et al., 2017; Benedetti et al., 2018; Li et al., 

2020). Nanomaterials have also been proved to mimic enzymes in vitro and in vivo. For 

example, in a neuronal model of SOD deficiency, CeVO4-NPs successfully replaced the 

function of SOD1 and SOD2 (Singh et al., 2021). After reviewing the literature on CeONPs, it 

is fair to say that there is some misuse of the term nanozyme. Not all CeONPs catalyse or 

even mimic enzymatic reactions. Nevertheless, authors may refer to them as nanozymes in 

their manuscripts. In the present thesis, DMSA-CeONPs reacted with H2O2 and superoxide 

under the conditions tested, but analysis of the data showed that the reaction was 

stoichiometric rather than enzymatic. Nevertheless, major advances have been made by the 

fusion of nanotechnology and enzymology and some NMs take credit for such “fuzzy” 

definition (Lehn, 1995; Wei et al., 2021). Therefore, NPs research has been and continues to 

be worth the effort, regardless of the term nanozyme, as it brings new knowledge and 

solutions in very different fields. 

3.6 Reflections on the in vivo: relevance of the data obtained 

CeONPs have been under investigation as antioxidants for approximately two decades and 

have yet to reach the clinical phase (Casals et al., 2020). Despite numerous in vivo studies 

being conducted, the potential adverse effects of CeONPs on the brain have not been the 

primary focus of this research. Recently, Mundekkad and Cho (2022) reviewed the clinical 

translation of different types of NPs for cancer therapy. The study highlighted several 

reasons why certain formulations approved by the Food and Drug Administration (USA) 

were never commercialized. For example, the unpredictable immunological reaction is 

mentioned, but the possibilities to interfere with brain functioning were not included 

(Mundekkad and Cho, 2022).  

Of note, exposure to CeONPs may also occur unintentionally or even accidentally. Major 

sources of exposure to CeONPs arise from daily activities like exhaust fume from vehicles 
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or their use in agriculture (Li et al., 2016; You et al., 2021; Bathi et al., 2022). As a result, 

whether CeONPs are used for therapeutic purposes or are unintentionally inhaled or 

consumed, they pose a risk to health. Therefore, a risk/benefit assessment should be 

conducted prior to their regulation. 

The presented DMSA-CeONPs showed no cytotoxicity. Nevertheless, incubation with ionic 

cerium and DMSA-CeONPs had an impact on the metabolism of healthy, cultured astrocytes. 

Cultured astrocytes serve as a commonly model system to investigate adverse effects of 

different compounds on the brain (Tulpule et al., 2014; Galland et al., 2019). This thesis 

empirically demonstrates that DMSA-CeONPs are biocompatible with glial cells, however, 

they increase lactate production in cultured astrocytes. Certain concern may arise as a 

disruption in lactic acid homeostasis in the brain is linked to alterations in neuronal energy 

supply and brain functioning (Chen et al., 2022). For example, an increase in lactate levels 

in the precuneus had also recently been correlated with mild cognitive impairment (Wang 

et al., 2017) or the accumulation of lactate in the dorsomedial hypothalamic nucleus had 

been shown to contribute to panic attack symptoms (Chen et al., 2022). Moreover, a severe 

accumulation of lactate may lead to a decrease in brain pH or acidosis (Li et al., 2023). Brain 

acidosis has been observed in ageing (Cunnane et al., 2020), cancer (Schwartz et al., 2020) 

and neurodegenerative diseases as Alzheimer’s Disease or Parkinson’s Disease (Yang et al., 

2024). Therefore, the significance of this work translates to in vivo studies by remarking the 

potential side effects on the brain´s homeostasis that may occur following administration of 

CeONPs. It is hypothesized that the rise in extracellular lactate was due to cerium ions 

inducing local hypoxia, and it remains uncertain whether this oxygen sequestration would 

be mitigated when CeONPs actually catalyzes the intracellular ROS removal or exacerbated 

by their role as active scavengers. It may also have implications for the length of the 

exposure/treatment due to potential accumulation. 
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4 Conclusions 

This doctoral dissertation examines the impact of CeONPs on glial cells at the molecular 

level in vitro. The study investigates the interaction between CeONPs and two types of glial 

cells, providing evidence for the following outcomes: 

 

- DMSA coating and the labelling with Oregon Green fluorescent dye is a cost-effective 

and straightforward method for functionalizing commercially available CeONPs. 

The resulting DMSA-CeONPs remain stable on a nanoscale level and exhibit a 

negative ζ-potential in physiological media. These characteristics make them a 

useful tool for investigating the in vivo interactions between NPs and glial cells. To 

our knowledge, this is the first study to examine such functionalization of CeONPs. 

 

- The internalization of DMSA-CeONPs by C6 glioma cells and cultured astrocytes 

depends on active internalization mechanisms, most likely via endocytosis. The 

uptake is time- and concentration-dependent and rapid. Endosomes and/or 

lysosomes containing DMSA-CeONPs were present in the cytosol after only 15 min 

and migrated over time towards perinuclear sites, as demonstrated by the 

observation of strong fluorescent dots inside the cells. 

 

- DMSA-CeONPs accumulate in cultured astrocytes in a temperature-, concentration- 

and time-dependent manner. The total cerium content can be assessed using ICP-

OES, which is a time and cost-efficient technique. 

 

- DMSA-CeONPs have demonstrated biocompatibility with C6 glioma cells and 

cultured astrocytes for up to 72 h across a range of concentrations, reaching up to 1 

mM. Cell membrane integrity is maintained during uptake and subsequent 

accumulation of the NPs. Furthermore, ionic cerium has not displayed cytotoxicity 

towards glial cells under the conditions tested. 

 

- DMSA-CeONPs significantly stimulate the glycolytic flux in cultured astrocytes when 

incubated for 24 h or longer. Similarly, ionic cerium also causes an acceleration of 

the glucose metabolism in cultured astrocytes. This study provides the first 

evidence of such metabolic dysregulation in glial cells. 

 



 
 

216 
 

- The extracellular cerium-induced lactate increase is similar to the one observed 

when hypoxia-inducible factor 1-alpha (Hif-1α) is chemically stabilized. DMSA-

CeONPs are hypothesized to leak cerium ions, which then may react with available 

oxygen, causing hypoxic conditions in cultured astrocytes. 

 

- DMSA-CeONPs function as extracellular scavengers of H2O2 and superoxide. Their 

scavenging of H2O2 is comparable to that of other CeONPs, although still negligible 

when compared to the endogenous detoxifying system of healthy cultured 

astrocytes. On the other hand, their superoxide scavenging capabilities are more 

prominent as tested in a non-acute situation of oxidative stress. 

 

- DMSA-CeONPs react stoichiometrically rather than catalytically with H2O2 or 

superoxide. Ionic cerium is more effective than DMSA-CeONPs in removing H2O2 and 

superoxide from the extracellular space. Its reaction is also dependent on 

concentration and time. 

 

- After internalization of DMSA-CeONPs by glial cells, no improved ROS scavenging 

potential was detectable. Thus, acute oxidative stress caused by the exogenous 

addition of H2O2 or mild oxidative stress caused by the endogenous production of 

superoxide is not ameliorated by pre-incubation with DMSA-CeONPs. 

 

- The ß-lapachone mediated extracellular reduction of the water-soluble tetrazolium 

salt 1 (WST1) is a reliable method for testing the scavenging of cell-derived 

superoxide by CeONPs in glial cells. This approach permits the degree of oxidative 

stress induced in the cells to be determined by modifying the concentration of ß-

lapachone. Consequently, the therapeutic potential of CeONPs can be explored. 
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5 Future Perspectives 

DMSA-CeONPs have been demonstrated in this thesis to be a valuable tool for investigating 

the uptake, accumulation and impact on glial cells in this thesis. However, in order to make 

further progress in the investigation of their therapeutic potential, several aspects need to 

be reevaluated and examined in greater depth. The next logical step in this project, is to fine-

tune the physico-chemical properties of DMSA-CeONPs. This should be followed by further 

characterization of the scavenging capacities and completion of the study of the effects on 

the metabolism and homeostasis of healthy cultured astrocytes. Therefore, the first step will 

be to enhance the scavenging capacity of reactive oxygen species (ROS), as it was currently 

limited to the extracellular space and was stoichiometric rather than catalytical. To 

overcome this limitation, one potential solution is to substantially decrease their nominal 

size. Previous experimental reports with CeONPs (see references in Table 3.2) and quantum 

confinement studies (Skorodumova et al., 2002) suggest that NPs of ~5 nm contain an 

optimal amount of Ce3+ atoms and oxygen vacancies on the surface, which allows them to 

react effectively with the available ROS. Moreover, at this size, the flip-flop between Ce3+ and 

Ce4+ also occurs more rapidly and therefore, the nanozyme activity is thought to be 

substantial. This strategy requires tailoring the coating and labeling procedure, along with 

the associated physicochemical characterization to obtain ultra-small stable DMSA-CeONPs 

in dispersion. 

The determination of the ratio Ce3+/Ce4+ could complete the physico-chemical 

characterization and aid in predicting the catalytic behavior of NPs in subsequent 

experiments. Different analytical techniques are available to gain insight into the Ce3+/Ce4+ 

ratios of CeONPs, including x-ray photoelectron spectroscopy (Zhang et al., 2004; Thill et al., 

2020), electron energy loss spectroscopy (Baalousha et al., 2012; Jayakumar et al., 2019), x-

ray absorption spectroscopy (Cafun et al., 2013; Plakhova et al., 2019; Ghosalya et al., 2021), 

Raman spectroscopy (Goharshadi et al., 2011; Jayakumar et al., 2019), 

ultraviolet/visible/infrared spectroscopy (Thill et al., 2020) or scanning transmission x-ray 

microscopy coupled with super resolution fluorescence structured illumination microscopy 

(Szymanski et al., 2015). While these techniques demonstrate high reproducibility and 

sensitivity, they also present certain limitations. The major concern is the lack of materials 

that can serve as technique-independent standards. It has been also argued that techniques 

operating in vacuum and/or dry environments may introduce alteration the oxidation state 

of the cerium, resulting in a biased determination (Ghosalya et al., 2021). An investigation 
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of the redox state of DMSA-CeONPs can be performed via an experimental confirmation 

analysis that records oscillations in the luminescence band intensity during interactions 

with H2O2, which have been observed to correspond with the flip-flop between Ce3+ and Ce4+ 

(Seminko et al., 2021). 

The possible leakage of cerium ions from the DMSA-CeONPs must also be considered in 

order to differentiate the effects of the NPs from those caused by ionic cerium. This 

phenomenon has been reported in relation to other metal NPs (Sengul and Asmatulu, 2020). 

To precisely distinguish the presence of various cerium species in the sample, the use of 

single particle-inductively coupled mass spectrometry (sp-ICP-MS) has been proved to be 

useful (Bolea et al., 2021). Huang et al. (2022) recently reported a comprehensive ICP-MS-

based analytical method for fractionating and characterizing ionic and nanoparticulate 

cerium species in the tissues of animals exposed to CeONPs. This procedure consists of 

determination of the total cerium by ICP-MS, followed by an ultrafiltration and 

quantification of the fraction containing ionic cerium also by ICP-MS and a final 

determination of CeONPs by sp-ICP-MS. The costs of these analyses are high, especially 

considering the large number of replicates required for in vitro studies and their limited 

availability. A recent study by Joshi et al. (2019) used a copper chelator to investigate ion 

leakage from DMSA-CuONPs. However, in the biomedical field, research into cerium 

chelation remains unexplored. It is noteworthy that the chelation of f-elements (i.e. 

lanthanides and actinides) is uniquely challenging due to their electronic configuration, 

which makes covalent bonding stabilization difficult (Abergel and Kozimor, 2020). In 

addition, to chemically bind cerium in cells, the chelator must be biocompatible and able to 

cross the cell membrane. Therefore, as an initial proof of concept, it may be most feasible to 

coat NPs with another coating material to prevent or delay ion leakage. However, such a 

modification will also require the characterization of resulting NPs and testing their 

scavenging capabilities, as the coating can significantly alter these properties. 

Further insight into the uptake and fate of DMSA-CeONPs in cells may be useful for future 

applications. The disquisition between the NPs adhered to the cell membrane compared to 

the internalized could be addressed by isolating the plasma membrane (Henn and 

Hamberger, 1976; Mersel et al., 1984; Suski et al., 2014) at different relevant time points 

during the incubation. Furthermore, the interaction between DMSA-CeONPs and the cell 

surface could be investigated by atomic force microscopy. As reported by Willmann (2018), 

the Hybrid Material Interface Group (University of Bremen) has in the past developed a 

protocol for studying the interaction between the free thiol-groups in OG-DMSA-IONPs and 
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a maleimide-polyethylenglycol-N-hydroxysuccinimid linker (Klebert, 2017). This protocol 

could be extended to DMSA-CeONPs to examine their endocytosis by glial cells in greater 

depth. Based on the knowledge gained from this research, it may be possible to optimize the 

kinetics of DMSA-CeONPs adsorption and uptake. Utilizing chemical inhibitors of clathrin-

mediated endocytosis, micropinocytosis and caveolae-mediated endocytosis combined 

with flow cytometry could help to understand the cellular mechanism of uptake of DMSA-

CeONPs (Singh et al., 2010; Vassie et al., 2017). 

The trafficking and fate of DMSA-CeONPs once internalized in cells appears to be the 

bottleneck of their applicability, as during this process their ROS scavenging capacity turns 

to be undetectable. According to current literature, cargo undergoes gradual transportation 

into increasingly acidic environments during endocytosis (Canton and Battaglia, 2012). The 

redox potential of CeONPs and their dissolution have also been reported to be pH 

dependent. The use of a pH-dependent fluorescent dye in the coating of the NPs may provide 

vital information regarding the pH levels at which DMSA-CeONPs may be stored at different 

times since their application (Zhu et al., 2019; Sabljo et al., 2022). By using such dyes, it is 

possible to determine whether the coating and the NPs have degraded and/or separated, 

and to gain insight into the time scale over which these phenomena occur (Szapoczka et al., 

2023). Furthermore, chemical lysosomal studies can be employed to supplement the 

analysis of intracellular storage of DMSA-CeONPS inside cells (Lu et al., 2017). Fluorescent 

dyes, including lysotracker, or inhibitors like bafilomycin A1, can also provide information 

on the accumulation of DMSA-CeONPs in lysosomes. A cost-effective approach to test the 

fate of DMSA-CeONPs inside the cells is the co-incubation and microscopic examination of 

OG-DMSA-CeONPs alongside chemical inhibitors of actin filaments and microtubules, 

including cytochalasin D (Spector et al., 1999; Willmann and Dringen, 2018) or colchicine 

(Weisenberg et al., 1968; Willmann and Dringen, 2018; Sargsyan et al., 2023). This 

information could help elucidate the role of the cytoskeleton in the cellular trafficking of 

OG-DMSA-CeONPs. For increased precision and spatial resolution, a more potent method, 

such as laser scanning microscopy combined with fluorescence lifetime imaging microscopy 

(Pujals et al., 2019; Datta et al., 2020), could be employed to precisely locate DMSA-CeONPs 

within glial cells. Additionally, regarding C6 glioma cells, capturing continuous time-lapse 

images of DMSA-CeONPs could support the comprehension and observation of NP 

distribution during cells division. These findings could progress the exploration of CeONPs 

as potential cancer fighting agents. Lastly, the plausible exocytosis of DMSA-CeONPs 

(Strobel et al., 2015) requires more investigation, as it could impact their applicability as 

antioxidants. 
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As previously stated, enhancing the ROS scavenging potential should be a priority for DMSA-

CeONPs. To achieve this goal, decreasing their size has been advised as a primary step. Then, 

additional tests could be implemented to explore their potential in therapeutics. For 

example, determining the optimal pre-incubation time of cultured astrocytes with DMSA-

CeONPs before the exogenous oxidative challenge takes place could offer valuable insights. 

Furthermore, the study of the effect of DMSA-CeONPs on cultured astrocytes, which exhibit 

changes in glutathione homeostasis under oxidative stress (Hirrlinger et al., 2001; Dringen 

et al., 2015) may yield information on their antioxidant properties. To fully elucidate the 

antioxidant capabilities of DMSA-CeONPs, testing their ability to scavenge superoxide and 

evaluating alterations in the expression of NQO1 or Nrf2 in cultured astrocytes after 

incubation with DMSA-CeONPs would be necessary. To expand the characterization of the 

scavenging potential of DMSA-CeONPs, further assessment on their ability to neutralize 

other compounds causing oxidative stress is needed. For example, it has also been reported 

the capacity of CeONPs to scavenge reactive nitrogen species (Dowding et al., 2012). 

Addition of lipopolysaccharide to cultured astrocytes have been seen to cause an 

upregulation in extracellular NO (Iwase et al., 2000; Kozuka et al., 2005). It could be 

determined whether incubation with DMSA-CeONPs reduces its production in cultured 

astrocytes under these conditions.  

Nevertheless, the present thesis also highlights the significance of investigating any 

potential adverse effect, derived from the exposure to cerium beyond cell viability. Thus, 

exploring the accelerated flux of the glycolytic pathway outlined in this work becomes an 

important focus. To reinforce the initial finding that cerium ions leaking from DMSA-

CeONPs stabilize hypoxia inducible factor 1 α (Hif-1α), additional testing is required.  
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