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Abstract: The purpose of this study is to evaluate the literature for research trends on cerium
oxide from 1990 to 2020 and identify gaps in knowledge in the emerging application(s) of CeONP.
Bibliometric methods were used to identify themes in database searches from PubMed, Scopus and
Web of Science Core Collection using SWIFT-Review, VOSviewer and SciMAT software programs. A
systematic review was completed on published cerium oxide literature extracted from the Scopus
database (n = 17,115), identifying themes relevant to its industrial, environmental and biomedical
applications. A total of 172 publications were included in the systematic analysis and categorized
into four time periods with research themes identified; “doping additives” (n = 5, 1990-1997),
“catalysts” (n = 32, 1998-2005), “reactive oxygen species” (1 = 66, 2006-2013) and “pathology” (1 = 69,
2014-2020). China and the USA showed the highest number of citations and publications for cerium
oxide research from 1990 to 2020. Longitudinal analysis showed CeONP has been extensively used
for various applications due to its catalytic properties. In conclusion, this study showed the trend
in research in CeONP over the past three decades with advancements in nanoparticle engineering
like doping, and more recently surface modification or functionalization to further enhanced its
antioxidant abilities. As a result of recent nanoparticle engineering developments, research into
CeONP biological effects have highlighted its therapeutic potential for a range of human pathologies
such as Alzheimer’s disease. Whilst research over the past three decades show the versatility of
cerium oxide in industrial and environmental applications, there are still research opportunities to
investigate the potential beneficial effects of CeONP in its application(s) on human health.

Keywords: nanoceria; nanoparticles; composition; applications; biomedicine; review

1. Introduction

Cerium oxide (CeQy,), also referred to as nanoceria, is a well-known rare earth element
of moderate abundance, found in the lanthanide group in the periodic table [1]. The unique
structural properties of CeO; allow its electron configuration to alter, such that it can exist
in both the trivalent Ce3* (Ce,O3) reduced state and the stable tetravalent Ce** (CeO»)
oxidized state [1]. This property enhances oxygen storage and release, resulting in its
ability to regenerate based on redox cycling in its immediate environment [2—4]. Cerium
(Ce) when added to oxygen (O,) in nanoparticle formulation (CeONPs) adopts a cubic
crystalline structure, akin to a fluorite type structure, enabling the rapid diffusion of oxygen
as a function of the number of oxygen vacancies [1,4].

CeONP can be comprised of different nanostructure size, shape, morphology, and
composition and have been shown to have strong antioxidant mimetic properties, reflecting
the behaviour of enzymes like superoxide dismutase (SOD), catalase, and peroxidase, tar-
geting and scavenging reactive oxygen species (ROS) and reactive nitrite species (RNS) [5].
In addition to the strong antioxidant property CeONP has, it has also been shown to have
anti-inflammatory, antibacterial and anti-cancer activity [6-8]. Given the various potential
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application demonstrated for CeONPs, numerous literatures on the potential of CeONP
has been published in recent years.

Bibliometric analysis is a branch of scientific computer-assisted review analysis that
integrates mathematical and statistical approaches to evaluate academic literature in a
specific field [9,10]. Analysis using bibliometric tools have been applied to evaluate research
that have been undertaken in specific fields of science to provide a global perspective on
how research changes overtime, how they relate to one another, research contribution
from different countries and subsequently highlight trends surfacing from the various
publications over time [9-11]. Bibliometrics studies have been conducted on both magnetite
and titanium dioxide nanoparticles, to identify particular hotspots in research, but also
highlight the gaps in knowledge about these nanoparticles [11,12]. To the best of our
knowledge, no bibliometric studies have been conducted on cerium oxide over the past
three decades. The aim of this study was to conduct a bibliometric analysis on studies on
cerium oxide published over thirty years from 1990 to 2020 to identify publication trends,
the most productive countries in cerium oxide research and research hotspots over the
years. This paper will serve as a reference to aid in current and future development of
research on cerium oxide.

2. Results

The results from the three databases using the search terms “cerium oxide OR ceria
OR nanoceria OR nano ceria” yielded the highest number of publications regardless of
the database used. A large difference in the number of publications returned between the
databases was noted, with WoS returning ~238% and ~180% more papers compared to
PubMed and Scopus, respectively (Table 1). The search term “cerium oxide OR ceria OR
nanoceria OR nano ceria AND pathology” returned the smallest number of publications
with ~57% less for WoS, ~87% less for PubMed and ~99% less Scopus.

Table 1. Summary of the number of papers identified in searchers of different databases (PubMed,
WoS and Scopus) using the search terms “cerium oxide OR ceria OR nanoceria OR nano ceria” from
the years 1990-2020.

Search Terms PubMed WoS Scopus

Cerium oxide 122 27,674 22,467
Cerium oxide and nanoparticles 59 16,252 738
Cerium oxide and pathology 17 13,350 193
Cerium oxide and toxicity 29 14,533 624

Notes: Accessed on the 17 December 2020, and covered the article, title, abstract, and keywords.

2.1. Topic Modelling

To identify the focus and applications of CeONPs studies conducted from 1990 to 2020,
the search “cerium oxide OR ceria OR nanoceria OR nano ceria” was completed using the
PubMed database. The database yielded 129 publications which was imported into SWIFT-
Review software. The SWIFI-Review software analysed the articles and segregated them
based on keywords, where they were then categorized into topic models and organized in
ranking order. The SWIFT-Review software found 100 topic models with an overview of the
top 19 topic models shown in Figure 1. Analysis of these top models identified research were
mainly focus on the biomedical applications of CeONPs, focusing its oxidative properties
and surface modifications (Table 2).
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Figure 1. The top 19 topic models formulated from the dataset collected from PubMed (129 publica-
tions) with the SWIFT-Review software, using the search term “cerium oxide OR ceria OR nanoceria
OR nano ceria”. This search was refined to review, clinical trials, meta-analysis, and research articles.
Accessed on the 17 September 2020.

Table 2. Top 19 topic models generated from PubMed dataset (129 publications) by SWIFT-Review
software using the search terms “cerium oxide OR ceria OR nanoceria OR nano ceria”. This search
was refined to review, clinical trials, meta-analysis, and research articles. The topics have been
ordered by number of publications contributing to the topic model in descending order, with topic
words and themes established.

. . No. of Publications Brief Description of
Topic No. Topic Word in Topic Model Topic
Applications, properties, synthesis, review, . . . L
34 - . 101 Properties for biomedical applications
biomedical, advances
97 Nanoparticles, .()dee,'cerlhum, review, activity, 85 Oxidative Properties
properties, oxidative, research
8 Ceria, rnat_erlals, surface, application, eqergy, 57 Surface materials and structure
properties, systems, structure, material
84 Current hteratullre,'mclude, increase, therapies, 49 Therapies
existing conditions
5 Antioxidant, poten.tlal, species, effects vivo reactive, 46 Antioxidant properties
stress, biological, ROS, oxygen
1 Therapy, chmce?l outcomes, patients, improved, 38 Clinical approaches
scientific approaches
93 Catalxsts, catalytlc, reacthns, 0x1.daj1t10n, reagtlon, 8 Catalytic properties
ceria-based, catalyst, high activity, organic
18 Medicine, role, t9x1c1ty, regenerative, promising, 2 Medicinal therapies
industry, recent
21 HIV, trial, sfcudy, incarcerated, months, release, 23 Randomized trials
randomized, results, observed treatment
51 Challenges_, 'Cellsf order, progress, systgms, target, 23 Targeted treatments
addition, improve, medical barriers
8 . Model, studies, hydrogen, techmqu.es, design, o1 Kinetic studies
kinetics, water-gas, knowledge, modelling, advanced
70 CEONPs, surfa.ce, oxygen, vacancies, lattice, results, 20 Surface structure
experimental, presence, evidence
86 Nanoceria, cell.s, CEONPS, particles, anti-cancer, 19 Anti-cancer agent
data, point, improve, agent normal

48 Design, role, aims, emissions, reviews, interest, 18 Carbon emission materials

carbon, focusing, develop, materials
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Table 2. Cont.

No. of Publications Brief Description of

Topic No. Topic Word in Topic Model Topic

Health, effects, exposure, fuel, engineered, risk,
toxicological, studies, air
Synthesis, methods, synthetic, number, template,
products, implications, function, metals, enhanced
Treatment, development, growth, pathway,
inhibitors, target, tumour, kinase, receptor, phase
Review, systematic, studies, outcomes, articles,
results, reported, included published, gaps
Control, research, populations, article, needed, major,
practice, describes, provided, discussion, gaps

69 18 Air pollution

72 18 Synthesis methods

38 17 Tumour kinase pathway

63 17 Systematic reviews

85 16 Research gaps

Notes: Accessed on the 17 September 2020. Refined to review, clinical trials, meta-analysis, and research articles.

2.2. Bibliometric Analysis

To examine the broad development of literature in the research associated with
CeONPs, the search “cerium oxide OR ceria OR nanoceria OR nano ceria” in the years
19902020 was implemented in the WoS database, yielding 7862 publications. To create a
visualization of the co-occurrence of all keyword terms, the extracted dataset (title, abstract
and author keywords) was imported into the VOSviewer Software (www.vosviewer.com),
Universiteit Leiden, Leiden, Netherlands, Version 1.6.15). The main characteristics obtained
from an analysis of the co-occurrence of keywords included the frequency and proximity of
similar words. The keywords were further refined to a minimum of 20 occurrences, yielding
144 keywords, then designated by VOSviewer into 9 main cluster groups (Table 3). Each
cluster represents major themes of CeONPs studies between 1990-2020. Important findings
within each cluster are established with a lay description (Table 3) and a corresponding
visualization map with the clusters coded by colour presented in Figure 2. Cluster 1 (red)
refers to the biocompatibility and antioxidant properties of CeONPs in biomedicine. Some
of the clusters are closely associated; clusters 2 and 4 (green and yellow, respectively)
highlight the different doping additives, as well as changes in the nanostructure to in-
crease efficiency in various applications. Clusters 3 (blue), 5 (purple) and 6 (aqua) all refer
to CeONP application in environmental remediation and industrial implementation as
biofuels. Cluster 7 (orange) refers to CeONPs as additives to biofuels and as a potential
therapy for wound healing. Lastly, clusters 8 (brown) and 9 (pink), mention the oxygen
defects (vacancies) on the surface and antioxidant activity of CeONPs. This analysis identi-
fied nanoparticle engineering enhancements as well as specific fields of nanoparticle use
(i.e., environmental remediation), which are further investigated.

Table 3. Summary of the word clusters identified using VOSviewer and WoS dataset using the
search term “cerium oxide OR ceria OR nanoceria OR nano ceria”. The network analysis from
7862 publications from 1990 to 2020. The clusters are also represented in a visualisation map (Figure 2).

Cluster Lay/Description Keywords

Antioxidant, apoptosis, biocompatibility, blood-brain-barrier,
Biocompatibility as a biomedical catalase, cerium oxide nanoparticles, cytotoxicity, drug delivery,
application genotoxicity, inflammation, nanoceria, nanomedicine,
nanotechnology, oxidative stress, translocation
Catalyst, cerium oxide, cobalt oxide, copper, hydrogen production,
2 Surface coating additives hydrogen peroxide, hydrogen production, interface, methane, nickel,
oxygen reduction reaction
Biodiesel, catalytic oxidation, cathode, ceria nanoparticles,
3 Catalytic properties remediation conductivity, electrolyte, manganese oxide, metal oxides, methanol,
palladium, reaction mechanism, stability
Catalysis, ceramics, coatings, copper oxide, crystal structure, defects,
4 Manufacturing alterations doping, nanostructures, optical properties, oxides, photocatalytic
activity, ramen spectroscopy, solid solution, structure
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Table 3. Cont.

Cluster Lay/Description Keywords
Adsorption, antibacterial activity, co-precipitation, coating, corrosion,
Advancements in thermal resistance, electron microscopy, hydrothermal synthesis, kinetics,
stability mechanical properties, metal oxide, microstructure, thermal stability,
X-ray diffraction
Corrosion, electrochemical sensors, electrodeposition, ionic
6 Advancements in manufacturing conductivity, lanthanum oxide, mechanism, nanocomposite, oxygen
(nanocomposites) improved efficiency ~ vacancies, photocatalysis, rare earth metals, reduced graphene oxide,
thin film, titanium dioxide, zinc oxide
7 Degradation, air pollutant and Catalytic ozonation, cerium dioxide, degradation, graphene oxide,
biomedical applicant inhalation, nanomaterial, nanozyme, wound healing
8 Catalytic interaction of doped cerium Doped ceria, heterogenous catalysis, metal-support interaction,
oxide oxygen vacancy, sintering, synergistic effect
.. .. Aggregation, anti-bacterial, antioxidant activity, morphology, ROS,
9 Antioxidant activity 881¢E . . VY P &Y
silver nanoparticles, toxicity
Note: Accessed on the 17 September 2020.
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Figure 2. Network visualization map showing nine color-coded clusters produced using the
VOSviewer and the WoS Database with the search “cerium oxide OR ceria OR nanoceria OR nano
ceria”. The network analysis from 7862 publications and 144 author key words, from 1990 to 2020.
The colours represent the clusters of keywords presented in Table 3. Access on the 17 September 2020.

2.3. SciMAT

A longitudinal bibliometric study was performed using the SciMAT software from the
Scopus dataset (17,115 publications). From 1990 to 1997, the results show a clear trajectory
of research interest on CeO, with the term “doping additives” emerging as the main theme
in this time period (n = 1047). Studies in this time period were focused on enhancing the
properties of CeO, through incorporation of additives (e.g., doping, coating, nanocompos-
ites and hybrid nanostructures) and morphological alterations as indicated by the terms
“crystal defects” and “crystal lattice (Figure 3a). The term “catalyst” was highlighted as a
main theme in 1998-2005 (1 = 2937) associated with the terms “thermostability”, “oxygen
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transport” and “exhaust gas” suggesting its catalytic role as a potential air pollutant adsor-
ber or a biofuel (Figure 3b). In the period of 2006-2013 (n = 7858 publications), “reactive
oxygen species” was identified as the main theme, with terms like “cell survival”, “cell
death”, “free radicals”, “catalase” and “glutathione”, indicating the research focused on
antioxidant properties on cellular models (Figure 3c). The final period between 2014-2020
(n = 5273 publications) indicated “pathology” as a main theme, with “apoptosis”, “cell
proliferation” and “drug effect” identified as associated terms suggesting that research in
this period focused on CeONPs and its effects on gene expression and cell proliferation as

a biomedicine (Figure 3d).
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Figure 3. Main themes in the cerium oxide related publications from the Scopus database, over four
time periods identified using SciMAT software (a) 1990-1997 (n = 1047); (b) 1998-2005 (n = 2937);
(c) 2006-2013 (1 = 7858); (d) 20142020 (n = 5273). The figure demonstrates the development of cerium
oxide investigation and the links in terms of the major themes, identified for each period. Accessed
on the 9 October 2020.

2.4. Systematic Review of Literature

A refined search on the Scopus database was then completed to provide a systematic
analysis of the literature from each theme identified from the SciMAT software. A total of
172 publications, refined by a citation ratio of greater than 6 (peer-acknowledged quality
threshold), were included in this study. Figure 4 shows the total publications that met the
citation criteria; 5 publications were from 1990 to 1997 (“doping additives”), 32 publications
from 1998 to 2005 (“catalyst”), 66 publications from 2006 to 2013 (“reactive oxygen species”),
and 69 publications from 2014 to 2020 (“pathology”).
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Figure 4. Frequency histogram of 172 publications, derived from a systematic search of cerium
oxide literature, conducted in the Scopus database for search terms: “cerium oxide OR ceria OR
nanoceria OR nano ceria” AND doping-additives/catalysts/reactive oxygen species/pathology,
showing the surge of publication activity across all four themes between 2019-2020. The year of 2020
demonstrating the highest number of publications. Accessed on 17 September 2020.

2.4.1. Time Period 1990-1997—"Cerium Oxide and Doping-(Additives)”

SciMAT extracted five publications from this period meeting the citation ratio of above
6, focusing on the combined environmental and industrial applications of CeONPs. To
enhance CeONPs ionic conductivity for electrolyte fuel cell efficiency, one study doped
the CeONPs with zirconia, samaria and gadolinia which resulted in increased oxygen
vacancies (or oxygen defects) on its surface thereby making it more reactive [13]. Samaria
and gadolinia-doped CeONPs exhibit high electrical conductivity due to the close ionic radii
of Sm3* Gd3* to that of Ce** [13]. The reduction of ceria electrolyte at the fuel side could be
suppressed by doping with a thin film of stabilized zirconia on the ceria surface [13].

While the theme of this time period is “doping-additives” of CeONPs, the remain-
ing studies included in this analysis focused mainly on the morphological enhancements
of CeONPs due to the FCR threshold implemented. Two publications focused on using
bare CeONPs to eliminate contaminants in automobile gas exhaust [14,15]. Bare CeONPs
have less oxygen vacancies thereby increasing nanoparticle stability suitable for interac-
tions between small molecules, e.g., hydrogen, carbon dioxide, oxygen and nitric oxide
[14,15]. Another publication in this period focused on the structural properties of CeONPs,
finding that morphology and surface characteristics greatly influence the behaviour of
the nanoparticles, e.g., lattice structure with increased surface area exposed have more
oxygen vacancies with a less compact nanostructure but increased reactivity [16]. The last
publication in this time focused on CeONPs as an effective industrial catalyst by increasing
the efficient of the WGS reaction, which was achieved at low temperature thereby con-
serving energy [17]. The research on CeONPs in this period highlight its potential as an
environmental/industrial fuel cell and energy converting catalytic alternative to fossil fuel
sources, which is a topic further investigated in successive time periods.
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2.4.2. Time Period 1998-2005—"Cerium Oxide and Catalyst”

In this time-period, 32 publications met the citation ratio criteria, overlapping themes
from the previous period including the environmental /industrial applications with ad-
vancements (e.g., additives to CeONPs) in renewable energy and as a potential biomedicine
in its pure form.

The environmental/industrial applications of CeONPs in this period, make up most
of the publications (n = 23) and extend on the previous period with different additives and
structural changes. For example, the nanocomposite structure incorporating nanosized
particles into a matrix of standard material thus resulting in improved strength, electrical
and thermal properties [18]. Many publications focused on CeONPs as renewable energy
sources to replace combustion fuel sources (e.g., natural gas, diesel fuel, biodiesel blends,
petroleum and coal) [19]. For example, one study used poly-alkene doped CeONPs in a
crystalline form with a porous surface thereby increasing the number of surface and oxygen
vacancies to enhance the thermo-catalytic stability in solar cells in replacement organic
dyes [20]. Gadolinia-doped CeONPs, as a solid fuel electrolyte, was found to have high
stability at reduced oxygen pressures improving fuel cell performance while maintaining
textural and mechanical integrity, increasing the electrolyte composition therefore mak-
ing it a promising recyclable renewable source for turbine power [21,22]. Other studies
highlighted the use of copper and nickel loaded CeONPs, doped with lanthanum in a
hybrid nanocrystalline structure (i.e., hybrid—combination of doping, loading, surface
functionalized or nanocomposite additives) [23]. These hybrid structures were highly
dispersed due to the doping and loaded component interactions which enhances their
catalytic activity through the increased oxygen vacancies of the added components thereby
increasing WGS reaction efficiency [23]. CeONPs have also been used as effective pollutant
adsorbers, decontaminating wastewater and sediment following the use of additives such
as magnesium oxide/aluminium oxide/titania oxide to generate nanocomposites. Modifi-
cation of the CeONPs for the removal of heavy metals and organic compounds indicated
the redox potential to adsorb the contaminants was increased, suggesting the additives and
nanostructure enhanced these properties [24-28]. CeONPs nanocomposites have also been
investigated as highly efficient catalysts (e.g., copper, zirconia, nickel, aluminium/CeONPs
nanocomposites) for methane oxidation (methane is a potent greenhouse gas in the at-
mosphere and needs to be broken down by combustion, producing heat and therefore
making it a useful fuel source) [24,25,29,30]. These nanocomposite structures are ideal for
methane oxidation due to catalytic nature of CeO,, achievable at lower temperatures, hence
conserving more energy. Platinum and gold /CeONPs nanocomposites in a crystal lattice
fluorite structure showed increased reactivity and reducibility for a more efficient catalyst
in the WGS reaction as the temperature can be lowered allowing for enhanced energy
to be conserved [31-35]. The morphology of CeONPs has been studied in this period
(n =7) to enhance the properties for a specific purpose, with nano-polyhedral, nano-rods,
and nanotubes shown to have increased oxidative properties compared to those of the
nanosphere [36]. The crystal plane structure of CeO, nano-rods was found to have higher
oxidation activity compared to crystal lattice structure. As more oxygen vacancies are
exposed, the structure becomes more reactive and therefore superior fuel cells and environ-
mental remediators [37,38]. A reoccurring theme for environmental /industrial catalysts
in this period highlights the manipulation in manufacturing nanotechnology to increase
oxygen vacancies on the surface of the nanostructures which improves the catalytic activity.
This is further explored in the following period.

The biomedical applications in this period (n = 2) highlighted CeONPs as potential
cancer therapies. One study investigated the cellular uptake of polymer micelle coated
CeONPs in human lung fibroblasts in vitro models (ATCC and MRC-9 cell lines). These
nanostructures showed increased adsorption, agglomeration, dispersion, and retention
time compared to bare CeONPs therefore proving to be a superior cancer therapy [39]. The
second demonstrated that bare CeONPs in a crystal lattice structure showed differential
effects with 99% protection against radiation-induced cell death in human breast carcinoma
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epithelial in vitro model (MCF-7 cell line) whilst no protection was conferred for the normal
human breast epithelial in vitro model (CRL8798 cell line) [40]. These studies provide a
good foundation into the successive periods of CeONPs as a biomedicine, with its potential
as a cancer drug delivery agent and in chemotherapy radiation.

2.4.3. Time Period 2006 to 2013—*Cerium Oxide and Reactive Oxygen Species”

A total of 66 publications met the citation criteria in this period, with overlapping
themes from the previous period: CeONPs as an effective environmental/industrial re-
newable resource for fuel cells and its biomedical application as a cancer therapy. The
environmental/industrial uses of CeONPs in this period (n = 47) highlight the manu-
facturing manipulations focused on increasing the amount of oxygen vacancies through
nanoparticle engineering in adjusting the additives and morphology of the nanostructures.
Two studies focused on the effectiveness of CeONPs as an electrolyte fuel cell, with studies
assessing samaria- and carbon-based polymer doped CeONP hybrids to increase oxygen
vacancies and induce higher energy conversion rates that subsequently improved effi-
ciency, coinciding with low emissions [41,42]. Studies in this period have again highlighted
CeONPs as solid electrolyte fuel cells, however in the lattice fluorite structure. This struc-
ture improved ionic conductivity and overall efficiency when doped with lower charged
cations like zirconia oxide, aluminium oxide, and palladium oxide due to the increased
oxygen vacancies on the surface and the interactions between these components [43,44]. Of
particular significance in this period, was the platinum oxide, titania oxide, copper oxide,
and particularly gold oxides/CeONPs nanocomposites, extensively investigated for further
improved efficiency in the WGS reaction [45-53]. Adding heterogenous “- oxide” nanopar-
ticles to the CeONP nanocomposite further enhanced the formation of oxygen vacancies on
the surface, which increased the catalytic activity of these nanostructures [45-53]. Various
research inquiries studied CeONPs nanocomposites (e.g., platinum and zirconia/CeONPs)
for automotive exhaust gas remediation. These studies found that the nanowire structures,
with increased surface presence of oxygen vacancies, were associated with the highest
catalytic activities, as well as recyclability of CeONPs [54-58]. These studies showcased
innovations in nanostructure engineering, to increase the surface presence of oxygen vacan-
cies, and in turn, enhances the nanostructures catalytic activities. The presence of oxygen
vacancies enable CeONPs to readily scavenge free radicals present in pollutants, such
as superoxide (O, ™), hydroxide (OH™), hydroxyl (OH) and hydrogen peroxide (H2O5),
nitric oxide (NO) and peroxynitrite (ONOO™), thereby beneficial in environmental reme-
diation [59]. This ROS scavenging capability also prompted the biomedical application
of CeONPs.

The biomedical research on CeONPs (n = 15) in this period further investigated
the potential of CeONPs and exploited the advancements in nanoparticle engineering
additives like doping, surface modification and nanocomposites. CeONPs have been found
to be protective against ischemic stroke in a cardiac progenitor in vitro model showing
no toxicity, in fact increasing cell viability and decreasing apoptosis compared to copper
and zinc nanoparticles [60-62]. CeONPs have also been used as probes in bioanalysis and
diagnostic tests, in the form of a bioactive sensing paper for glucose and H,O, testing to
replace the use of organic dyes, measuring multiple cycles [63]. Studies have shown that
CeONPs have antioxidant catalytic properties, having the capacity to mimic superoxide
dismutase (SOD), specifically converting superoxide to oxygen and hydrogen peroxide
with high specificity and efficiency, highlighting its ability to scavenge ROS and RNS and
therefore an effective antioxidant [64-66]. The term “doping” consists of the insertion of
a new specific ion into a crystal lattice structure, where “coating” consists of a thin film
applied to the surface, encapsulating a nanomaterial [67]. Conjugation of CeONPs with
polymers (e.g., polyacrylic acid, animated poly(acrylic acid), dextran-coated) were indicated
to increase CeO, oxidase-like activity, as well as enhancing the nanoparticles cell targeting
activities, and in turn, their cellular uptake in in vitro models (lung carcinoma—A549,
cardiac myocytes—H9c2, embryonic kidney—HEK293 and breast carcinoma—MCE-7 cell
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lines) [68,69]. Dextran-conjugated CeONPs were found to exhibit protective effects on
human dermal fibroblast (HDF) cell line, being correlated to the particle ROS scavenging
ability [70]. Another study by Kim and colleagues showed polyethylene glycol (PEG)-
conjugated CeONPs protected against ROS-induced cell death in vitro (using ovarian
hamster CHO-K1 cells) and subsequently observed protection against ischemic induced-
apoptotic cell death in the brain in an in vivo model of ischemic stroke [71]. Similarly,
Asati and colleagues investigated yttrium oxide/CeONP nanocomposites on a nerve cell
model (HT22 cell line) and observed neuroprotective effects of the nanoparticles, with
a lowered oxidative stress and cell toxicity [72]. These studies show the broad range of
biomedical applications and disease pathologies, which CeONPs have been implicated for,
highlighting the nanotechnology advancements that improve the biocompatibility of the
nanostructures (e.g., ROS scavenging ability to reduce oxidative stress, indicated increased
circulation time and cellular uptake). These studies have directly influenced the biomedical
applications of CeONPs in the following period (2014-2020).

Four publications in this period reported the potential toxicity and hazards that
CeONPs and other nanoparticles poses to human health and the environment. Exposing
pure CeONPs to a human bronchus epithelial in vitro model (BEAS-2B cell line) induced
cell death with decreased intercellular glutathione (GSH) reported [73]. This enzyme is an
effective ROS scavenger and playing a key role in the inflammatory and oxidative stress
pathways [73]. Another study found that CeONPs induced oxidative damage and led
to decreased lifespan in an in vivo model (Caenorhabdotis Elegans cell line) [74]. Similarly,
exposure of CeONPs decreased cell viability and increased ROS production in a human
skin melanoma in vitro model (A375 cell line) [75]. In acidic conditions the antioxidant
ability of CeONDPs is lost, behaving instead much like a strong oxidant, which may influence
the oxidation of intracellular and extracellular components to induce apoptosis [76]. This
ability to become cytotoxic has been found to induce oxidative stress, could be attributed to
cancer cells being more acidic than normal cells [70,77]. The bifunctional characteristic of
CeONPs allows it to exhibit both ROS scavenging and cytotoxic effects is possible due to its
ability to change structural composition in valency depending on the environment [78,79].
These studies provide insight into the various therapeutic applications of CeONPs, which
is further examined in the final period of CeO; research.

2.4.4. Time Period 2014-2020—"Cerium Oxide and Pathology”

This period yielded the highest number of publications (n = 69), with the highest
number of publications (n = 22) from a single year (2020). Following on from the pre-
vious period, the broad themes are the same, with most publications highlighting the
environmental/industrial applications of CeONPs, with several studies focusing on its
biomedical uses.

Environmental /industrial applications of CeO, make up most of the publications in
this period (n = 63). Like the previous period, CeONPs were investigated as renewable
resources, efficient fuel cells and remediating the environment through implementing
hybrid CeONPs complexes. Of particular interest is the advancement of the single atom
catalyst, with one study using platinum single atoms on the surface of CeONPs (surface
modified /functionalized support) demonstrating higher reactivity, better selectivity and
less agglomeration when heated, resulting in a superior compound compared to the plat-
inum/CeONPs nanocomposite complex [80]. The fluorite lattice structure of CeONPs
were exploited in this period with studies using various additives (e.g., titania/CeONDPs,
lanthanum /CeONPs nanocomposites and nickel, zirconia oxide/CeONP nanocompos-
ites surface functionalized with palladium) for methane combustion and removal of or-
ganic dye (e.g., Rhodamine-B dye) with enhanced catalytic performance compared to bare
CeONPs [81-83]. Another study found that CeONPs supported platinum-selenium clus-
ters (as surface modified /functionalized additives) extending the catalytic reaction which
unearthed full regeneration, increased dispersibility and stability of the complex for CO
oxidation [84]. The use of the core-shell nickel encapsulated between silica oxide/CeONP
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nanocomposites was useful in reforming biogas, leading to increased nickel dispersion and
reductivity compared to nickel-silica or nickel-ceria alone, therefore resulting in the devel-
opment of a potential sustainable hydrogen fuel source [85]. All these studies extend from
the previous periods of CeONPs research further highlighting the versatility of CeONPs,
leading to additional advancements in catalytic control and improved performance from
an environmentally conscious and industrial perspective.

The remaining publications highlight the biomedical applications of CeONPs, engi-
neering the nanoparticles to enhance their biological activities, as well as, continuingly,
the engineering of CeONPs for environmental /industrial applications. Following on from
the previous period, montmorillonite loaded CeONP nanocomposites and porphyrin sur-
face modified /functionalized CeONPs have been explored as diagnostic tools to detect
hydrogen peroxide (H,O;) and glucose [86,87]. These nanostructures were found to exhibit
peroxidase (enzyme that reacts with H,O, to catalyse oxidation of a number of inorganic
compounds in samples) like catalytic activity demonstrating a colorimetric sensitive and
specific method, indicating its potential for biochemical assays, clinical diagnosis and envi-
ronmental monitoring [86,87]. Advancing the idea of CeONP as a therapy in cancer in this
time period, one study demonstrated the use of manganese doped-CeONP nanocomposites
inducing higher cytotoxicity effects in an adenocarcinoma in vitro model (MCEF?7 cell line)
compared to bare CeONPs [88]. The enhanced cytotoxic effect is likely due to the higher
oxygen vacancies generated from adding manganese, producing increased ROS generation
which target and kill the cancerous cells, therefore demonstrating its potential as a promis-
ing cancer targeting therapy [88]. The bifunctional properties of CeONPs allow it to change
its role from antioxidant to pro-oxidant, depending on its surrounding environment, with
an acidic environment inducing a pro-oxidant cytotoxic property allowing it to target cancer
cells [89]. CeONPs as a drug delivery agent was also investigated for its use in acute kidney
injury (AKI) [90]. In this instance, exposure of surface modified /functionalized CeONPs
with triphenylphosphine, conjugated with an ROS-responsive organic polymer (PEG—
polylactic acid-glycolic acid copolymer), and further loaded with atorvastatin, resulted in
protection against tubular cell apoptosis and necrosis in an LPS-induced AKI in vivo model.
This study showed the successful modification of CeONPs to target the kidney and selec-
tively release the drug in response to the presence of ROS [90]. Another study highlighted
CeONPs as an effective drug delivery agent, using CeONPs encapsulated within zeolithic
imidazole framework-8. This nanostructure could penetrate the blood-brain barrier (BBB),
accumulate in the brain tissue and reduce oxidative damage and apoptosis of neurons, in
an ischemic stroke middle cerebral artery occlusion (MCAO) in vivo mouse model [91].
This study confirms those of Kim and collegues in the previous time period of CeONP
potential as a therapy for ischemic stroke. CeO; as neuroprotective agent has further been
investigated, with one study adding triphenyl phosphonium (TPP)-conjugated CeONPs as
potent ROS/RNS scavengers due to its recyclable ability, reducing oxidative stress in an
in vivo Alzheimer’s disease (AD) mouse model (5XFAD transgenic mice) [92].

The advancements in nanoparticle engineering in this period is clear, with extensive
use of doping, nanocomposite, surface functionalized or hybrid (doped and nanocom-
posite) nanostructures, designed for their specific purpose, considering the morphology,
surface texture and additives. The biomedical applications of CeONPs in this period,
for their ROS scavenging abilities, as anti-inflammatory therapy, as a diagnostic testing
method and of particular interest, the neuroprotective properties for neurological diseases
and neurodegeneration.

2.4.5. Author Network and Countries with Most Citations for Cerium Oxide Research

The systematic literature search found a wide range of ground-breaking research
into CeONPs over the last 30 years identifying advancements in nanoparticle engineering
which has increased the understanding of CeO, properties whilst uncovering a larger
body of scientific work for renewable resources, solid fuel cells, along with its potential as
cancer, inflammatory and neuroprotective therapies. To evaluate the authors contributing



Int. . Mol. Sci. 2023, 24, 2048

12 of 24

USA

to CeO, research, an author network was created from the dataset obtained from the WoS
database (7862 publications) using the term “cerium oxide OR ceria OR nanoceria OR
nano ceria” in the years 1990-2020 (accessed on the 17 September 2020). The data from
this search was imported into the VOSviewer software, where a bibliographic database
search was completed for co-authorship using full counting method resulting in a total of
25,580 authors. The authors were further refined by a minimum of 10 documents and
10 citations per author (using as an inclusion criteria for peer-acknowledged quality, h-
index) which resulted in 68 authors [93]. The author’s affiliations and number of citations
were recorded and the percentage of citations per country was calculated and ordered by
most to least citations (Figure 5). The top 11 countries were identified, showing the highest
number of citations from China, encompassing a total of 37%, indicating that China has
led the world in CeO, research over the last 30 years. Other countries like USA (26%), Iran
and India (8%), Canada (5%), Sweden and Spain (4%), Italy (3%), Czech Republic (3%),
Netherlands (1%) and Russia (0.4%) have also contributed to CeO; research over the past
30 years.

Netherlands

Czech ’

Republic

Canada

Spain |}

Top 11 countries with the most author citations and publications on cerium

oxide research from 1990-2020

Figure 5. Top 11 countries, with the highest citations (minimum 10) and documents (minimum 10)
per authors, grouped by country affiliations. Extrapolated from the dataset obtained from the WoS
database, using the term “cerium oxide or ceria or nanoceria or nano ceria” in the years 1990-2020.
Accessed on the 9 October 2020.

3. Discussion

This systematic literature analysis found that the research on “cerium oxide” has de-
veloped over the past three decades from initially focusing on understanding the unique
physicochemical properties of cerium oxide, into the extensive environmental and indus-
trial applications, and finally focusing on CeONPs as a biomedicine. The biomedical
applications of CeONDPs in the more recent time periods have uncovered the advancements
in nanoparticle engineering (e.g., dopants, coating, surface functionalization, core—shell
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structures, nanocomposites, and hybrid structures). CeONPs additives were able to in-
crease the already remarkable biological effects of CeONPs as cancer therapeutics, for
therapy in inflammatory disease and as diagnostic tools. Moreover, its unique ability
to induce cytotoxic effects to cancerous cells whilst inducing protective effects against
cytotoxicity in non-cancerous cells indicates its potential for development as therapy for
range of pathologies (Figure 6).
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Figure 6. Graphical depiction of the various biomedical applications of cerium oxide nanoparticles
as therapies for a wide range of pathologies including cancer, diabetes, cardiovascular pulmonary
disease, macular degeneration, ischemic stroke and bacterial infection due to the bifunctional nature
of CeO;. In acidic conditions the antioxidant ability of CeONPs is lost, behaving instead much like a
strong oxidant, which may influence the oxidation of intracellular and extracellular components to
induce apoptosis. This ability to become cytotoxic has been found to induce oxidative stress, could
be attributed to cancer cells being more acidic than normal cells.

The scientific literature on CeO; over the past 30 years, presented in the topic mod-
elling found the catalytic applications of CeONPs were prominent in the WGS reaction.
However, most of the topics that were identified referred to the potential biomedical
applications, highlighting its oxidative, antioxidant, catalytic and anti-cancer properties.
Further analysis of the topic models using the VOSviewer software, identified nine clusters,
highlighting the various fields and developments of CeONP applications largely focus-
ing on the surface and morphological alterations of the nanostructures across various
environmental /industrial and biomedical fields.

The SciMAT software was used for a systematic literature analysis, established themes
for each time-period. The first period (1990-1997) focused on the environmental /industrial
applications of doped and undoped CeONPs, for the enhancement of solid fuel electrolyte
cells found to increase the efficiency of the WGS reaction to replace non-renewable resources
(e.g., coal, natural gas, oil and nuclear energy) [94]. Replacing non-renewable resources
is a major problem for humanity, however, is necessary to create an environmentally
sustainable lifestyle. The WGS reaction is significant for this, reforming hydrocarbons
to produce hydrogen as an energy source [94]. Fuels produced from hydrogen can be
used as direct replacements for oil and gas as low carbon emitting alternatives, which is
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more environmentally sustainable [95]. CeONPs have been found to be a more effective
catalysts for the WGS reaction compared to noble gases (e.g., platinum and manganese) and
transition metals (e.g., copper) due to its oxygen storage capacity, facilitated by the ability
of transitioning from the trivalent (Ce®*) to the tetravalent (Ce**) state [96]. This property
is enhanced by doping CeONPs with various metal (e.g., platinum, manganese, nickel,
cobalt, zirconia and gold) and non-metal (e.g., silica and selenium) catalysts, achieving a
powerful catalytic system with increased surface area exposing more oxygen vacancies,
resulting in long-term stability and reproducibility, as well as higher CO conversion activity
at lower temperatures [94,97-99]. In light of these enhanced properties, doping, another
manufactured additive is highly utilized in this period and has been shown to be crucial in
influencing and controlling the surface reactivity of CeONPs. The doping of CeONPs in
this period, focused on increasing the oxygen vacancies (active sites) overall improving
catalytic performance and compatibility. This suggests that increasing oxygen vacancies
for improved performance is an alteration that is still investigated currently with various
studies using additives like titania, lanthanum, zirconia, palladium, yttrium and zinc
CeONP structures which have increased oxygen vacancies as environmental remediators
(e.g., degrade crystal violet dye, Rhodamine-B dye and methane combustion) [81-83,100].

The environmental /industrial and biomedical application using CeONPs in the sec-
ond period (1998 to 2005) continued to focus on the manufacturing alterations of CeONPs
to further enhance its performance. The environmental /industrial applications of CeONPs
highlight the influence that chemical composition has on its catalytic activity regarding
the WGS reaction and environmental remediation. As the catalytic performance relies
heavily on oxygen vacancies, the crystal plane and nanorod morphologies of CeONPs were
found to exhibit the highest catalytic performance compared to crystal lattice, nanocube
and nanosphere structures [36-38]. The increased oxygen vacancies had significant impact
on the electrostatic surface charge of the nanostructures which affect the agglomeration rate
and overall stability of the complex [96]. Nanocomposites incorporate nanosized particles
into a matrix, which has increased oxygen vacancies compared to single nanoparticle
structures, but also has enhanced reducibility due to the interactions that occur between
the nanoparticles in the matrix further improving catalytic performance [18]. CeONP
nanocomposites combined with copper, nickel, zirconia, aluminium, platinum and gold
nanoparticles have been extensively used for the WGS reaction in this period [101]. CeONPs
nanocomposites are still investigated currently in renewable energies, with a study high-
lighting the use of silica oxide/CeONPs nanocomposites in reforming biogas, and a poten-
tial sustainable hydrogen fuel source [85].

Consistent with the environmental /industrial applications of CeONPs in this period
(1998 to 2005), manipulations of CeONPs size, morphology, and additives were investi-
gated for its biomedical application, particularly as a cancer targeting therapy. CeONPs
have been found to have anti-tumour properties, becoming cytotoxic towards cancer cells
pro-oxidant producing ROS to target them (i.e., pro-oxidant), whilst having little to no
effect to the surrounding healthy cells [89]. This is due to the enzymatic abilities in effec-
tively switching valence states from the Ce®* (reduced form) to the Ce** (oxidised form)
donating an electron [79,102]. Nanoparticle studies have found that sharp edged, large
nanostructures are less biocompatible, compared to smooth surface smaller nanostructures,
as they can inflict mechanical damage on cell membranes and organelles while triggering an
immune response [96]. A study using ultrafine bare CeONPs found that the nanoparticles
induced cytotoxicity on a breast carcinoma in vitro model (MCE-7 cell line) [40]. Another
study showed that tumour cells create an acidic environment, which induces oxidant like
behaviour in CeONPs. This study used murine fibrosarcoma tumour cells (WEH164 cell
line) which were injected in the flank of a murine in vivo model (BALB/c). The CeONPs
(<50 nm) were extremely efficient in targeting and aggregating at tumour site, finding
that enhanced permeability and retention plays a crucial role in delivering the CeONPs to
tumour cells [103]. These studies provide further evidence for CeONPs as potent ROS scav-
engers and potential as effective cancer therapies. Of note, doping CeONPs for biomedical



Int. ]. Mol. Sci. 2023, 24, 2048

15 of 24

applications surfaced in this period, showing clear advantages, in preventing agglomera-
tion and toxicity compared to undoped equivalents [96]. This is consistent with a study that
used dextran-coated CeONPs in an osteosarcoma in vitro model (MG-63 cell line), finding
that these nanostructures induced increased toxicity compared to bare-CeONPs. This effect
was shown to be dose dependent with increasing toxicity as dextran coating concentration
increased [104]. Another study using polymer-doped CeONPs in a human lung fibroblasts
in vitro model (ATCC and mRC-9 cell lines) demonstrated rapid adsorption, increased re-
tention time and increase dispersion, compared to the bare CeONP equivalent [39]. Doping
CeONPs has been found to improve its antioxidant abilities, more effectively scavenging
ROS/RNS, enhancing solubility, stability and dispersion of the nanoparticles, which is fur-
ther investigated in successive time periods [105]. These studies suggest that CeONPs are
effective anti-cancer therapies due to their unique ability to differentiate between healthy
and cancerous cells with polymer coated CeONPs showing enhanced efficacy in this ability
to target the cancerous cells.

The third period (2006 to 2013), saw further developments in the environmental/indu-
strial applications of CeONPs as a heterogenous catalyst (multiple catalysts in a nanocom-
posite structure). The use of metal oxide/CeONPs nanocomposites as heterogenous cata-
lysts were used having increased oxygen storage for the WGS reaction [106]. This is seen
in a study using metal (platinum, titania, gold) oxide/CeONPs nanocomposites to gener-
ate a more efficient catalyst, as the hybrid materials incorporated into the crystal lattice
structure provide active support and new oxygen vacancies at the metal oxide/CeONPs in-
terface [106,107]. The biomedical applications in this period, provided support for CeONPs
as an anti-cancer agent, however, transitioned into targeting inflammatory driven diseases
and wound healing, highlighting its antioxidant abilities. CeONPs are effective cancer
targeting therapies due to the pro-oxidant properties which they exhibit [70,77]. These
mechanisms of CeONPs are highly reliant on the pH of the surrounding environment
being more acidic (pH 6) which is attributed to cancer cells being more acidic than normal
cells [108-110]. In a more alkaline pH (e.g., pH 7-9) the antioxidant abilities of CeONPs
are exhibited, inducing strong ROS scavenging properties [76]. This bifunctional property
is due to alternating valence states and hence the ability to regenerate oxygen vacancies,
which are active sites for redox reactions (ROS/RNS scavenging) to take place [5,96]. This
property of CeONPs is important because oxidative stress is considered central to the
progression of chronic inflammation and inflammatory diseases [111]. A study used micro
RNA 146a (miR146a)/CeONPs nanocomposites to treat colitis on in vivo murine model
(C57BL/6), finding that the nanostructure exhibited an anti-inflammatory and antioxidant
activities, decreasing inflammatory cytokines; tumour necrosis factor (TNF) and interleukin
6 (IL-6), coinciding with the reduced oxidative stress [112]. Similarly, in vitro models,
adipocyte (3T3-L1 cell line) and myoblast (C2C12 cell line) of diabetes mellitus were ex-
posed to selenium/CeONPs nanocomposites, showing a decrease in extracellular ROS
production [113]. These studies show that CeONPs nanocomposites can alleviate oxidative
stress and inflammation responses. Oxidative stress has been associated with increased
bone loss, as well as limiting bone repair, being correlated to low-grade chronic inflamma-
tion. Spherical CeONPs exhibited protective effects, by enhancing cell proliferation as well
as osteogenic differentiation and mineralization on a human bone-derived mesenchymal
stem cell model (hBMSCs cell line). This study showed the positive effects of CeONPs for
tissue and bone regeneration under acute or chronic conditions [114]. Taken together, these
studies demonstrate the important biological activities of CeONPs as anti-inflammatory
and antioxidant agent, demonstrating the nanoparticles potential use in a wide spectrum
of inflammatory-associated diseases. The development of CeONPs nanocomposites in this
period highlights advancements in nanoparticle engineering.

The most recent period (2014-2020) showed a significant development in environmen-
tal/industrial applications of CeONPs in the single atom catalysts for the WGS reaction.
Single atom catalysts, have been developed to increase catalytic performance, due to the
increased dispersion rate and the active sites encapsulated on the support structure, achiev-
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ing higher turnover rates compared to larger nanoparticles [94]. One study used a platinum
single atom, supported on CeONP catalysts (1.7 nm in diameter), which reported a high
number of surface oxygen vacancies. This structure exhibited increased dispersibility,
due to the synergistic effects of platinum and CeO; [115]. Noble metals atomically dis-
persed on solid oxide supports, have become the superior form of heterogenous catalysis.
An example is the palladium doped CeONPs single atom catalysts, which have been
found to have increased interactions between the metal-support, a crucial property for
maintaining stability [116].

The CeONPs biomedical applications in this period are the most interesting, identify-
ing a clear trajectory of research into CeONPs as therapies for neurological diseases and in
particular neurodegenerative diseases. CeONPs have emerged as potential neurodegenera-
tive therapies due to the ease at which these nanoparticles can be manipulated to adjust
the size and additives, for passage through the BBB. One study investigated the effects of
CeONPs in an anaplastic astrocytoma in vitro model (grade II glioma), displaying selective
cytotoxicity targeting astrocytoma cells [117]. PEG coated CeONPs can easily cross the BBB,
therefore various studies exploring treatment for ischemic stroke and multiple sclerosis
(MS) have emerged [118]. Studies tested these nanoparticles in in vivo murine models of
ischemic stroke and MS effectively scavenging ROS/RNS and reducing overall oxidative
stress injury [117,118]. Another study used citrate EDTA stabilized CeONPs in an in vitro
murine model (SOD1G93A cell line) of amyotrophic lateral sclerosis (ALS), finding that the
ROS/RNS scavenging ability assisted in prolonging lifespan after muscle weakness was
observed [118]. These studies demonstrate that CeONPs are able to induce both protective
and cytotoxic effects efficient against oxidative stress/inflammatory driven diseases as well
as cancer [75]. This dual effect of CeONPs to be both protective and selectively cytotoxic
is remarkable and is found to rely on the surrounding pH [89]. In acidic conditions the
cytotoxic ability of CeONPs is activated whilst the antioxidant ability is lost, behaving
instead much like a strong oxidant which influences the oxidation of intracellular and
extracellular components to induce apoptosis in the presence of cancerous cells [76]. This
ability to become cytotoxic has been found to induce oxidative stress, could be attributed to
cancer cells being more acidic than normal cells [70,77]. The bifunctional characteristic of
CeONPs allows it to exhibit both ROS scavenging and cytotoxic effects, due to its ability to
change structural composition in valency and its interaction with the surrounding environ-
ment [78,79,119]. These properties makes it an extremely versatile compound for various
biomedical applications, including an efficient drug targeting device, and in oxidative
stress diseases like neurodegeneration [79].

CeONPs as a therapy for neurodegeneration and particularly AD has emerged in re-
cent years due to the driving pathological features where oxidative stress and inflammation
is now recognized as playing a key role in disease progression [120,121]. Various studies
have tested CeONPs in human neuroblastoma in vitro model (SH-SY5Y cell line) treated
with amyloid-beta (A) protein (protein that aggregates and forms Af senile plaques, a
hallmark pathology of AD) [118,122]. Similarly, the use of CeONPs but coated with an
anti-amyloidogenic agent, inhibited amyloidogenic activity with no toxicity present in
an in vitro human glial model (U87MG cell line) [123]. These studies highlight CeONPs
antioxidant, anti-inflammatory and neuroprotective properties, as well as the ability to
permeate the BBB, for its development as a promising therapy for neurological and/or
neurodegenerative diseases like AD.

The advancements in nanotechnology over the years have led to the extensive applica-
tions of CeONPs in the environmental /industrial and biomedical fields. Whilst the use
of CeONPs have mostly been beneficial, adverse effects have been reported. For example,
increased dosage and sized of CeONPs was associated with varied toxicity levels and apop-
tosis in human neuroblastoma cells (IMR32 cell line) [124]. Similarly, oxidative stress and
cytotoxicity was increased following exposure to CeONPs in human lung adenocarcinoma
cells (A549 cell line) [125]. In contrast, CeONPs showed neuro- and cardio-protective effects
through suppression of decrease ROS and oxidative stress [71,126]. These studies indicate
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that whilst CeONPs has great potential for biomedical applications, future research is still
necessary to optimize CeONPs as a therapy, particularly focusing on dosage, administra-
tion, particle composition, size and shape which have known effects on their interactions
with molecular mechanisms of various cells and tissues in biological systems (Figure 7).
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Figure 7. (A) Graphical representation of the various nanoparticle engineering manipula-tions of
cerium oxide that have been implemented in (B) various biomedical applications (e.g., drug delivery
agent, diagnosis, anti-cancer agent and contrasting agent).4. Materials and Methods.

4. Materials and Method
4.1. Topic Modelling

The PubMed (https://pubmed.ncbi.nlm.nih.gov/ (accessed on 17 September 2020))
database was used to search the term “cerium oxide OR ceria OR nanoceria OR nano ceria”
from 1990 to 2020. The publications extracted (129 publications; included research and
review articles) were exported as a PMID list file and imported into the SWIFT (Sciome
Workbench for Interactive Computer-Facilitated Text-mining)—Review software (https://
www.sciome.com/swift-review /), where the articles were segregated based on keywords,
then organized into topic models of cerium oxide research and ranked in order from most
to least prevalent topics. To enlarge the search range, other databases were used as a source
of bibliographic data. All databases were accessed in September and October 2020.

4.2. Bibliometric Analysis

Bibliographic data (title, abstract, all citations) for the period of 1990-2020 were
exported (txt file) from the Web of Science Core Collection (WoS) database (accessed
on the 17 September 2020) using the search “cerium oxide or ceria or nanoceria or nano
ceria”. The dataset was then imported into the VOSviewer software (www.vosviewer.com).
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Any duplicates in the search were removed and a bibliometric analysis (yielding 7862
publications), was performed based on co-occurrence of authors keywords in the paper
title (9253 keywords) using full counting, which was then further refined to a minimum of
20 occurrences, yielding 144 keywords.

4.3. Longitudinal Study

A bibliographic search was performed to undertake a review of the literature over the
past three decades, using the Scopus database (accessed on the 9 October 2020) with the
search term “cerium oxide OR ceria OR nanoceria OR nano ceria” from 1990 to 2020. The
dataset was exported (authors keywords) and imported into Science Mapping Analysis
Software Tool (SciMAT) (https://sci2s.ugr.es/scimat/) software for analysis. Within the
data set, identical and similar words were grouped to identify the literature trends and
themes. Publications were reviewed in four time periods (1990-1997, 1998-2005, 2006-2013
and 2014-2020) for ease of investigation in a chronological manner, using the workflow
presented in Figure 8. Normalization of all the publications was completed using the
analysis function, focusing on keywords and specifically authors keywords, with a fre-
quency reduction minimum of 10, a co-occurrence matrix, the edge value reduction of 8,
normalization of association strength, simple algorithm centres and core mapping was
used. The quality index (h-index) was used, and for the longitudinal analysis, the inclu-
sion index was used on the overlapping map and the Jaccard’s index was used for the
evolution map. The important motor-themes (main themes) in each period were identified
by their location in the upper right-hand quadrant of the strategic diagram generated by
SciMAT software.

4.4. Systematic Review of Literature

Using the four main motor themes generated from the SciMAT software, a systematic
review of the peer-reviewed literature was carried out using the Scopus database (accessed
on the 9 October 2020). In this search, the four main motor themes identified in SAIMAT
were included in the time frame of 1990-2020 (e.g., “cerium oxide OR ceria OR nanoceria
OR nano ceria AND doping additives AND catalyst AND reactive oxygen species AND
pathology, 1990-2020"). The publications were restricted to the relevant time period related
to the motor theme. The publications were assessed according to the Field Citation Ratio
(FCR) for all time periods. A total of 172 publications were included in this analysis. A
FCR value of greater than 6 was included, indicating peer-acknowledged quality for each
publication in this review. Reviews, editorials and short communication were excluded
from further analysis.

4.5. Author Network

To establish a co-authorship network, the dataset obtained from the WoS database
(new format, RIS file), from the search “cerium oxide OR ceria OR nanoceria OR nano ceria”
in the years 1990-2020 (accessed on the 9 October 2020) was imported into VOSviewer
software. A bibliographic database search, using full counting method, was then completed
for co-authorship which resulted in 25,580 authors identified. The authors were further
refined by a minimum of 10 documents and 10 citations per author (used as the inclusion
criteria for pear-acknowledge quality, h-index) yielding 68 authors. The authors affiliations,
number of citations, along with the affiliated countries were recorded and the percentage
of citations per country were calculated to determine the frequency of “magnetite’ research
around the world. The percentage of citations per country was calculated and ordered by
most to least.
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Figure 8. Graphical depiction of the systemic literature review process of the WoS database (numbers
represent the number of publications analysed at that step).

5. Conclusions

The research over the last three decades on CeONPs have made progress in environ-
mental and industrial applications as an effective catalyst, for environmental remediation
and replacing fossil fuels with renewable resources. The biomedical applications have also
increased our understanding of the properties and characteristics of CeONPs, leading to
the manipulation and enhancements of CeO, nanostructures. The unique redox property
of CeO, makes it a potent antioxidant when compared with other ROS modulators, in-
cluding promising applications in cancer, inflammatory diseases, neurological diseases,
and neurodegeneration. The key to CeONPs as a neurological therapy, is its facilitation to
cross the BBB, which is easily obtainable due to the advancements in nanotechnological
engineering. Further research in both in vitro and in vivo studies need to be undertaken,
to fully understand the exact anti-inflammatory mechanism that CeO, possesses and the
synergistic therapeutic effect of oxidative stress reduction. This will aid in developing ther-
apies for various diseases, showing remarkable potential as a biomedicine for inflammatory
diseases, but also for neurodegenerative diseases like AD.
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