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Abstract: Nanoscale cerium oxide has excellent catalytic performance due to its unique surface
properties and has very important applications in various fields. In this paper, the synthesis meth-
ods, catalytic mechanism and activity regulation of nanoscale cerium oxide in recent years are re-
viewed. Secondly, the application of cerium oxide in the detection of organic and inorganic mole-
cules is summarized, and its latest progress and applications in antibacterial, antioxidant and anti-
cancer are discussed. Finally, the future development prospect of nanoscale cerium oxide is sum-
marized and prospected.
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1. Introduction

In recent years, research on nanoscale cerium oxide has become increasingly exten-
sive. Ce is a rare earth metal and type of lanthanide in the periodic table. Due to its unique
electronic configuration, it has attracted great attention in physics, chemistry, biology, and
so on [1,2]. Due to the large surface volume ratio of nanomaterials, the surface of na-
noscale cerium oxide has a high content of Ce%. Atomic oxygen can move freely to fill
oxygen vacancies and quickly produce surface vacancies. This property of nanoscale ce-
rium oxide leads to the mutual conversion between the oxidation states of Ce3* and Ce*".
The surface of nanoscale cerium oxide has many active sites, which is beneficial to the
redox reaction [3,4].

In addition, because of its oxygen buffering capacity, nanoscale cerium oxide can
regenerate itself to the original Ce?" state [5]. In biological applications, nanoscale cerium
oxide is mainly used to scavenge excess reactive oxygen species (ROS) and reactive nitro-
gen species (RNS), produced in human cells by imitating natural antioxidant enzymes,
such as superoxide dismutase (SOD) and catalase (CAT), as well as hydroxyl and nitric
oxide free radicals. However, in some cell studies performed under physiological condi-
tions, a pro-oxidative effect due to severe oxidative stress has also been observed [6-8].
Some studies have shown that nanoscale cerium oxide has no catalytic activity on cells
[9-11]. It can selectively inhibit tumor cells without affecting normal cells [12,13]. In these
studies, the differences in the biological effects of nanoscale cerium oxide are largely due
to the differences in the physical, chemical and surface properties of nanoscale cerium
oxide synthesized by different methods [14].
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This article also mentions some physical, chemical and biological synthesis methods,
such as the hydrothermal method, chemical precipitation method, sol-gel method, and
spray reaction method [15-18]. Additionally, types of nanoscale cerium oxide mimetic en-
zymes and their activity regulation methods are presented. In addition, this paper also
discusses the application of nanoscale cerium oxide in organic and inorganic molecular
detection [19-21], metal ions detection [22,23], antibacterial [24-26], antioxidant [27-30]
and anticancer [31-35] activities.

2. Synthesis Method

Nanoscale cerium oxide can be synthesized by precipitation method [36], hydrother-
mal method [37], combustion method, decomposition method, oxidation and wet synthe-
sis method, solvothermal method, green/bio directed synthesis, sonochemical method
[38], microwave assisted method, micro-emulsion method [39], sol-gel method [40], and
so on. Different synthesis methods can produce nanoscale cerium oxide with different
forms, shapes and sizes, such as nanoclusters, octahedrons, cube, and rod shapes, as
shown in Figure 1 [41]. Different size and surface morphologies have different effects on
its physical and chemical properties [42]. Therefore, it is particularly important to select
the appropriate synthesis method according to the specific needs of the experiment for
subsequent experimental investigation.
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Figure 1. Scheme and transmission electron microscopy (TEM) images of nanoscale cerium oxide with different morphol-
ogies [41]. (a) Nanosphere. (b) Stick. (c¢) Octahedron. (d) Cube. Copyright 2018 John Wiley and Sons.

3. Mimics of Enzyme-Like Activity

The biomimetic activity of nanoscale cerium oxide is attributed to the self-regenera-
tion cycle of Ce?*/Ce* and the oxygen vacancies on the surface of nanoscale cerium oxide.
Nanoscale cerium oxide can mimic the properties of key natural antioxidant enzymes
such as catalase, oxidase, peroxidase, and superoxide dismutase [43].

3.1. Superoxide Dismutase

The natural superoxide dismutase can catalyze the superoxide anion radical dispro-
portionation to produce oxygen and hydrogen peroxide. The catalytic effect of SOD is
realized through the electron gain and loss between Mn*! (oxidized state) and Mn (re-
duced state).
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A higher Ce%/Ce* ratio on the surface of nanoscale cerium oxide corresponds to a
higher SOD-mimicking activity. When the Ce¥/Ce* ratio decreases, the SOD-mimicking
activity is inhibited and transformed into catalase/peroxidase-mimicking activity [44,45].
According to the known SOD reaction mechanism, Cassandra Korsvik [46] and coworkers
proposed that the catalytic effect of nanoscale cerium oxide on superoxide disproportion-
ation in 50 mM Tris-HCI (pH 7.5) is as follows:

M@+ -SOD + 022~ — M -SOD + Oz 1)

Mr+-SOD + Oz¢~ + 2H* — M@+ -SOD + H20» @)

The overall activity of nanoscale cerium oxide is significantly dependent on the ratio
of Ce?/Ce*, which can provide insight into pro-oxidation and antioxidant activity of na-
noscale cerium oxide.

3.2. Peroxidase

Natural peroxidase is a marker enzyme of peroxisome. Its active center is iron por-
phyrin structure, which can catalyze substrate oxidation with hydrogen peroxide as elec-
tron acceptor and decompose hydrogen peroxide into water at the same time.

The peroxidase-mimicking characteristics of nanoscale cerium oxide have attracted
great attention in recent years [47]. Zhang and coworkers [48] successfully synthesized
four kinds of nanoscale cerium oxide, and used them as mimics of peroxidase in 0.2 mol/L
CHsCOONa (pH 4.0). The results show that the catalytic activity is related to the specific
surface area and surface oxygen content, since the surface defects are mainly oxygen va-
cancies that control the oxygen supply to the reaction site. Increasing the concentration of
Ce?* on the surface of nanoscale cerium oxide is beneficial for mimicking the activity of
peroxidase.

Most of the peroxidase mimics based on transition metal oxide materials come from
metal ions with catalytic activity based on hydrogen peroxide, and their mechanism is
similar to that of the Fenton reaction [49].

Ce¥* + H202 + H* — Cet+OH:* + H20 3)
OH* + F202 — HO2* + FoO ()
Cet + HOz2» — Oz +Ce* + H ®)

This discovery provides Ce-containing materials with the potential to be used as pe-
roxidase mimics. Xue Jiao and coworkers directly proved that nanoscale cerium oxide
synthesized by a simple hydrothermal method has peroxidase-like activity, and devel-
oped a simple colorimetric method for glucose detection [50]. Tian and coworkers synthe-
sized porous nanoscale cerium oxide with a large specific surface area and high surface
Ce?* content. This nanoscale cerium oxide showed unique peroxidase activity. They be-
lieve that the peroxidase-like activity of nanoscale cerium oxide comes from surface Ce3*
[48].

Thus, the potential of using porous nanoscale cerium oxide as an artificial enzyme
mimicking peroxidase has been described [32]. Based on nanoscale cerium oxide has the
ability to mimic peroxidase, it can be used in biomedical, environmental monitoring, pes-
ticide residues, metal ion detection and other fields.

3.3. Catalase

Natural catalase is a conjugated enzyme with iron porphyrin as the auxiliary group
and a marker enzyme of peroxisome. Catalase is responsible for the degradation of H20,
as H2O: is a powerful and potentially harmful oxidant. However, the specific mechanism
of catalase is unknown [32]. Recent studies have shown that [51] nanoscale cerium oxide
can mimic catalase and catalyze the decomposition of hydrogen peroxide into water and
oxygen. It can protect cells from oxidative stress caused by reactive oxygen species. Ce*
has catalase-like activity and can convert H20: into O2 and H*, changing the Ce* valence
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state to Ce® (with the corresponding changes in oxygen vacancies), and adopting the orig-
inal CeO:z NP state in phosphate buffers (pH 7.4) [52]. Baoliang Zhang and coworkers [41]
found that nanoscale cerium oxide has mimicked the activity of superoxide dismutase
and catalase because of its reversible switching ability from Ce® to Ce* and high surface
oxygen mobility. Ce3* can reduce H20: to H20, while Ce* can oxidize H202 to HOO* and
then O2. From these considerations, Ivana Celardo and coworkers [53] proposed a na-
noscale cerium oxide model simulating the reaction mechanism of catalase, which is sum-
marized as follows:

2Ce% + H202 + 2H* — 2H20 + 2Ce# 6)
Ce* + H2O2 — Ce* + H* + HOO* (7)
Ce# + HOO®* — Ce¥ + Oz + H* (8)
2Ce* + H202 — 2Ce% + Oz + 2H* 9)
Summing reactions (6) and (7) and (8) and (9) results in reaction (10)
2H>02 — O2 + H202 (10)

We can attribute the catalase-mimicking activity to the existence of both Ce3 and Ce*
sites on the material surface, which opens a new door for the development of inorganic
materials showing redox state-dependent enzyme mimicking activity.

3.4. Oxidase

Natural oxidase is the main enzyme of peroxisome, accounting for about half of the
total peroxisome, which catalyzes the oxidation of substrates and reduces oxygen to wa-
ter. Nanoscale cerium oxide has attracted great attention because of its oxidase-like activ-
ity at 30 °C in sodium acetate (pH 4.8) [54]. Can Xu and coworkers [32] found that oxidase-
mimicking activity involves molecular oxygen as an electron acceptor. Peng and cowork-
ers [55] proposed that nanoscale cerium oxide can simulate the activity of oxidase and is
a kind of nanoparticle oxidant. However, it is completely dissolved after reduction under
acidic conditions. Nevertheless, nanoscale cerium oxide as an oxidation catalyst has been
widely developed and plays an important role in many fields. For example, nanoscale
cerium oxide catalyzes the conversion of oxides such as CO and NOx. The catalytic pro-
cess mainly includes the following three steps: [56],

2NOx — xO2 + N2 (11)
2CO + 02 — 2CO2 (12)
CxHawz + [(3x+1)/2]02 — xCO2 + (x+1)Hz20 (13)

In the oxidation of CO and CxHax+2, nanoscale cerium oxide plays a role similar to that
of oxidase. Based on the excellent oxidase activity of nanoscale cerium oxide, it will be
applied in biomedicine, pesticide residue detection, heavy metal ion detection and other
fields.

3.5. Phosphatase

Phosphatase is an enzyme that dephosphorylates the corresponding enzyme from
the substrate by hydrolyzing the phosphate monomer to remove the phosphate group
from the substrate molecule and to produce phosphate ions and free hydroxyl groups.

Alkaline phosphatase plays a key role in many cellular functions through protein
dephosphorylation. Many biomolecules related to phosphate can be hydrolyzed by na-
noscale cerium oxide. The dephosphorization activity of nanoscale cerium oxide depends
on the existence of Ce**. When Ce* is converted to Ce*, the dephosphorylation activity of
nanoscale cerium oxide is inhibited. Can Xu and coworkers [32] found that nanoscale ce-
rium oxide can mimic phosphatase activity. The phosphate group in the substrate is re-
moved by hydrolyzing phosphate monoester to a phosphate ion. Ce is the only rare earth
element that can be oxidized to tetravalent state, so it has received a great deal of attention.
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Some studies [57,58] have found that nanoscale cerium oxide can effectively mediate the
dephosphorylation of phosphopeptides under 25 °C under physiological conditions. As
nanoscale cerium oxide is a strong Lewis acid, its dephosphorization is mainly attributed
to the activation of Lewis acids coordinated by phosphoryl oxygen and Ce* and the nu-
cleophilic activation of hydroxyl coordination with Ce#

Ce?* + O2 — Ce* + O2*- (14)

Based on nanoscale cerium oxide’s ability to mimic phosphatase, it can not only

achieve phosphorylation of phosphatase substrate, but also dephosphorize DNA, which
opens up a new research direction for molecular biology.

4. Activity Regulation

The catalytic activity of nanozymes can be changed by adjusting several key factors
such as size, morphology, composition, surface modification and surrounding environ-
ment [14]. In this part, the effects of these factors on the activity of nanoscale cerium oxide
were summarized and discussed, respectively.

4.1. Size

As the most important parameter affecting the activity of nanomaterials, many stud-
ies have proved the influence of size on the activity of simulated enzymes of nanomateri-
als [14]. Generally speaking, the smaller the size of nanomaterials, the stronger their cata-
lytic performance. This is because the smaller the size, the larger the surface volume ratio,
thus exposing more active sites. For example, Aasati and coworkers [59] used nanoscale
cerium oxide with a nanometer size of 5-100 nm to explore the catalytic oxidation rate of
substrate TMB, and found that with the increase of nanometer size, the catalytic efficiency
decreased. It can be concluded that the size of nanoscale cerium oxide has an important
influence on its catalytic performance.

4.2. Morphology

The mimic enzyme performance of nanoscale cerium oxide is highly dependent on
their morphology, because different morphologies have different exposed surfaces, thus
showing different catalytic activities [14]. For example, Miguel Tinoco and coworkers [60]
reported for the first time that only nanoscale cerium oxide controlled by morphology
showed strong oxidation performance to glycerol without doping any other metals. TEM,
Raman and XPS analysis show that crystal morphology plays a key role in the catalytic
activity and selectivity of nanoscale cerium oxide. R.Udayabhaskar and coworkers [61]
obtained different forms of nanoscale cerium oxide, such as spheres, cubes and rods, by
adjusting experimental parameters. Finally, it is found that the catalytic performance of
nanoscale cerium oxide is related to its morphology, and its catalytic performance varies
with different morphology.

4.3. Hetero-Atom Doping

Up to now, hybrid nanomaterials have attracted wide attention because of their clear
structure and enhanced performance [62]. Metal-heteroatom doping is an effective way to
obtain high-performance mimic enzymes [62]. For example, Chen and coworkers [63]
doped copper atoms in nanoscale cerium oxide, and it was proved by scanning transmis-
sion electron microscopy, electron energy loss spectrum, infrared spectrum in situ detec-
tion characterization and reaction kinetics that the doping of copper atoms can signifi-
cantly improve its catalytic activity. Serdar Akbayrak and coworkers [64] studied the ef-
fects of various oxide supports on the catalytic activity of rhodium nanoparticles in the
hydrolysis of ammonia borane to produce hydrogen. In CeO, SiOz, Al20s, TiOz, ZrO:z and
HfO2 as oxide carriers, nanoscale cerium oxide shows higher catalytic activity for rhodium
nanoparticles in the hydrolysis of ammonia borane, which means that doping rhodium
on the surface of nanoscale cerium oxide can improve its catalytic activity. In addition,
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Gregory M and coworkers [65] doped nanoscale cerium oxide carrier with Al, La and Zr
in the synthesis process, and finally found that nanoscale cerium oxide doped with these
atoms has higher catalytic activity and selectivity.

4.4. Surface Modification

In the process of catalytic oxidation, the main occurrence area is on the surface of
nanomaterials, so its catalytic activity will be affected by surface modification [14]. Surface
modification mainly includes physical adsorption (such as ions, small molecules, biologi-
cal macromolecules and polymers) and covalent modification [66]. According to a large
number of studies, the catalytic performance of nanoscale cerium oxide is easily affected
by surface modification such as surface coating thickness, functional groups and surface
charges [62]. For example, Liao and coworkers [19] found that the catalytic performance
of nanoscale cerium oxide for TMB oxidation was inhibited in the presence of heparin or
deoxyribonucleic acid, mainly because the active sites on the surface of nanoparticles were
shielded by these biomolecules, which reduced the catalytic activity of ceria nanozyme.
In contrast, Liu and coworkers reported that fluoride F- can effectively increase the oxi-
dase activity of ceria nanozyme by more than 100 times based on strong electronegativity,
making its activity close to that of natural oxidase [67,68]. In addition, similar to physical
adsorption, covalent coating or modification with different ligands affects the catalytic
activity of nanoscale cerium oxide by affecting its active site. For example, Aasati and
coworkers [59] found that nanoscale cerium oxide modified with polyacrylic acid has
stronger oxidase activity than nanoscale cerium oxide modified with dextran. This may
be because polyacrylic acid has higher permeability than dextran, and the substrate mol-
ecules on the surface are more easily transferred to active sites. Therefore, the surface
modification has an important influence on the catalytic performance of nanoscale cerium
oxide.

4.5. Surrounding Environments

The surrounding environment, such as pH and temperature, has certain influence on
the catalytic performance of nanoscale cerium oxide [14]. The pH factor plays an im-
portant role in the reaction catalyzed by nanoscale cerium oxide. For example, Asati and
coworkers [59] found that the simulated oxidase activity of nanoscale cerium oxide is
highly dependent on environmental pH, and has the strongest activity in acidic acetate
buffer, which can be attributed to the protonation effect of nanoscale cerium oxide at low
pH [59,69]. This is based on the fact that nanoscale cerium oxide has strong peroxidase
and oxidase activities under acidic conditions and strong SOD and CAT activities under
neutral or alkaline conditions [70]. Therefore, the simulated enzyme activity was switched
by changing the pH value of microenvironment.

5. Applications

Nanoscale cerium oxides have attracted much attention because of their special biva-
lent redox system of Ce* and Ce* and excellent enzyme-like activity [71]. In this paper,
the application of nanoscale cerium oxide in organic/inorganic molecular detection, anti-
bacterial activity, antioxidant activity and anticancer activity will be introduced in detail.

5.1. Organic/Inorganic Molecular Detection

Based on the excellent enzyme-like activity of nanoscale cerium oxide, it can be used
in the detection of organic and inorganic small molecules. For example, RuochenGuo and
coworkers [20] studied the interaction between H20O2 and dextran-coated nanoscale ce-
rium oxide, and found that H2O:2 can act as both an inhibitor and an accelerator in the
oxidase activity of nanoscale cerium oxide, that is, H2O2 can promote the oxidase activity
of nanoscale cerium oxide at high concentration, and inhibit its catalytic activity at low
concentration. In addition, the inhibitory effect is linearly related to the concentration of
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H20:. Based on these findings, a simple, rapid and sensitive colorimetric method was es-
tablished for the determination of H20, and its limit of detection (LOD) was 2.5 um. When
coupled with glucose oxidase, the detection limit for glucose is as low as 2 um. Therefore,
the detection of hydrogen peroxide and glucose can be realized (Figure 2a). In addition,
Liao and coworkers [19] based on the adsorption of Heparin (Hep) on the surface of na-
noscale cerium oxide, the oxidation ability of nanoscale cerium oxide to 3,3',5,5"-Tetra-
methylbenzidine (TMB) decreased in the presence of Hep. Under the optimum conditions,
the detection limit of Hep is 20 nM. It has been applied to the determination of Hep in
medical injection samples and serum samples with satisfactory results (Figure 2b). Veron-
ica Andre and coworkers [21] reported that an electrochemical sensor for detecting phe-
nolic antioxidants was constructed based on the oxidase-like activity of nanoscale cerium
oxide particles. Using nanoscale cerium oxide in sensor design can oxidize phenolic com-
pounds (especially phenolic compounds with o-dihydroxybenzene functional group) into
corresponding quinones on the surface of screen-printed carbon electrode. The method
can quickly detect common phenolic antioxidants, such as caffeic acid, gallic acid and
quercetin. Therefore, it can be seen that nanoscale cerium oxide has great advantages in
the detection of organic and inorganic molecules.

In addition, heavy metal ions can enter the human body through the environment,
food and other ways, endangering human health. Therefore, it is necessary to develop
some rapid, portable and efficient detection technologies to strengthen the detection of
metal ions in environment and food [22,72]. Xue Tian and coworkers [22] based on the
phosphatase-like activity of nanoscale cerium oxide, combined with chemiluminescence
technology, applied it to the detection of Al**. It is not only proved that nanoscale cerium
oxide has a catalytic dephosphorylation effect on CDP-star, but also its activity is affected
by pH, and it has considerable phosphatase-like activity under neutral pH condition. It is
also proved that Al** can chelate with oxygen atoms in nanoscale cerium oxide structure
to form Al-O, thus inhibiting the activity of nanoscale cerium oxide phosphatase and re-
alizing the chemiluminescence detection of Al** (Figure 2a). Solivera and coworkers [23]
summarized that nanoscale cerium oxide and its composites have the potential to remove
toxic metal ions such as arsenic, fluoride, lead and cadmium from aqueous media. Based
on the high surface area, controllable porosity, morphology and abundant functional
groups of ceria and composite materials, toxic metal ions can be adsorbed and removed.
It can be seen that nanoscale cerium oxide plays an important role in the future application
of heavy metal detection.
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Figure 2. Application of nanoscale cerium oxide in detection of organ/inorganic molecules. (a) Detection of hydrogen
peroxide and glucose [20] Copyright 2016 RSC Publishing.; (b) heparin detection [19] Copyright 2016 Springer Nature.;
(c) metal ion detection [22]. Copyright 2019 Elsevier.

5.2. Antibacterial Activity

Nanoscale cerium oxide is an important antibacterial agent. Compared with other
antibacterial drugs, their toxicity to normal cells is relatively low. Based on this advantage,
they have been widely used in antibacterial research [26]. For example, nanozyme can
produce hydroxyl radical through Fenton-like reaction in the presence of H20, thus kill-
ing bacteria. Nanoparticles are selective for bacterial cells largely by artificial means of
targeting them. For example, by modifying the surface of nanoparticles with polysaccha-
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rides to form polysaccharide shells. The polysaccharide shell can specifically bind to spe-
cific lectins on the surface of bacteria, so that nanoparticles can actively target pathogens
in vivo. Thus, reducing the damage to the body’s normal cells. Qin and coworkers [73]
constructed a porous ceria hollow sphere/enzyme nano-reactor by loading glucose oxi-
dase in mesoporous ceria hollow sphere nanozyme. The detection principle based on it is
shown in Figure 3. Based on the unique nano-framework, large internal gap and high
specific surface area, nontoxic glucose is effectively converted into highly toxic hydroxyl
radicals by cascade catalytic reaction in the nano-reactor, thus seriously destroying the
cell structure of bacteria and preventing the formation of biofilm. In addition, the gener-
ated gluconic acid can lower the local pH value and further improve the catalytic perfor-
mance of porous cerium oxide for peroxidase. Synthesizing the above reactions, it can
inhibit bacteria. Murillo and coworkers [25] synthesized samples containing Ag-doped
CeO2, which showed high antibacterial activity and could inhibit the growth of Esche-
richia coli, Staphylococcus aureus and Pseudomonas aeruginosa bacteria, while there was
no antibacterial activity without silver-doped CeO:x. It can be inferred that silver ions can
replace part of cerium ions in nanoscale cerium oxide, thus showing satisfactory antibac-
terial activity. MMLatif and coworkers [24] doped CeO: with different concentrations of
manganese (Mn) and iron (Fe), and tested its antibacterial and antifungal activities. Gram
positive test and Gram negative test of Escherichia coli were carried out by Staphylococcus
aureus, and antifungal activity was tested by Candida albicans. The experimental results
finally found that with the increase of Fe and Mn doping concentration, the ability of na-
noscale cerium oxide to inhibit Gram-positive bacteria and Gram-negative bacteria in-
creased, while the antifungal activity decreased gradually.

Glucose

cascade catalysis
- )’\

-
" \

. I

Bactenia (active)

1
enhanced |
antibacterial i
activity i

7/

Bactenia (inactive)

Figure 3. Antibacterial mechanism of nanoscale cerium oxide [73]. Copyright 2021 American Chemical Society.

5.3. Antioxidant Activity

Due to the oxidation cycle between Ce?* and Ce** in the nanoscale cerium oxide struc-
ture, it shows remarkable antioxidant activity [27]. The antioxidation mechanism of na-
noscale cerium oxide is mainly as follows: it enters cells through receptor-mediated endo-
cytosis, and is released into cytoplasm from endocytosis, which shows the effect of pro-
moting oxidation in cells. In normal cells (with physiological pH), nanoscale ceria enters
the cells by endocytosis to remove active oxygen (Oz, H202 or OH), which is due to the
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simulated activity of SOD and CAT, which shows antioxidant effect and protects normal
cells. Das and coworkers [28] studied the antioxidant activity of nanoscale cerium oxide
with a size of about 3-5 nm in a serum-free cell culture model of adult rat spinal cord.
Compared with untreated control group, higher cell survival rate and less cell death were
observed after treatment with nanoscale cerium oxide. The results indicated that na-
noscale cerium oxide could scavenge various free radicals in culture medium and provide
neuroprotection for spinal cord neurons of adult rats. In addition, Colon and coworkers
[30] studied the radioprotective effect of nanoscale cerium oxide on gastrointestinal epi-
thelium. Finally, it was found that nanoscale cerium oxide can protect human colon cells
from radiation-induced oxidative damage by promoting cells to produce superoxide dis-
mutase, which can prove that nano-ceria has potential as a free radical scavenger.

Chen and coworkers [29] based on the previous experimental research, proposed the
protective effect and potential mechanism of nanoscale cerium oxide on oxidative damage
of endothelial cells (Figure 4). Based on the membrane interaction between nanoscale ce-
rium oxide and endothelial cells, it is absorbed by endocytosis mediated by pores and
reticulin. In cytoplasm, nanoscale cerium oxide can remove reactive oxygen species by
mimicking the activities of superoxide dismutase and catalase. With the decrease of ROS,
mitochondrial transmembrane potential increases, which can effectively prevent apopto-
sis induced by oxidative stress. Nanoscale cerium oxide can promote oxidation and anti-
oxidation to different cells. The main reason is the change of oxidation-reduction potential
of Ce®/Ce* on its surface. Madaml and coworkers [74] explored the antioxidant properties
of nanoscale cerium oxide with a size of 3-7 nm in E. coli. It was found that uncoated
nanoscale ceria and nanoscale ceria coated with glycine have antioxidant properties in E.
coli, while PEG-coated nanoscale cerium oxide has oxidation-promoting properties due to
the difference of surface chemistry and redox potential.

plasma membrane \

%") ( O
damage \ Oxidative Str ‘> ( Nanocena .
Lipid peroxidation — \ess/ Cot H,0,

S

!
ROS

- W

Cyf()(«h,()me‘(‘

Figure 4. Antioxidant mechanism of nanoscale cerium oxide [29]. Copyright 2013 MDPI AG.

5.4. Anticancer Activity

In addition to antibacterial and antioxidant activities, nanoscale cerium oxide also
has strong anticancer potential. The main inhibition mechanism is to kill cancer cells by
inducing the formation of reactive oxygen species [31]. Cancer cells are more tolerant to
lower pH than normal cells due to the increase of glycolysis and lactic acid production
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rate. The antioxidation performance of nanoscale cerium oxide is lost under low pH con-
dition, which makes ROS produced in the system cause oxidative stress and induce cancer
cell apoptosis, thus having anticancer ability [32]. Lin and coworkers [33] studied the an-
ticancer effect of nanoscale cerium oxide with a size of 20 nm on human lung cancer cells.
After continuous treatment with different concentrations of nanoscale cerium oxide for
24, 48 and 72 h, it can be observed that with the extension of treatment time and the in-
crease of concentration, the toxicity of nanoscale cerium oxide to lung cancer cells through
oxidative stress is also stronger. In addition, the experimental results of Nourmohammadi
and coworkers [34] and Jana and coworkers [35] all prove that the anticancer ability of
cerium oxide is positively correlated with its dosage and treatment time, and verify that
high-dose nanoscale cerium oxide has low toxicity to normal cells. The above experi-
mental results also laid a foundation for biomedical research of nanoscale cerium oxide.
Therefore, nanoscale cerium oxide is a kind of nanometer material with anticancer
potential and can be used as an anticancer therapeutic agent. At the same time, some stud-
ies have also used it as a nanocarrier or scaffold for biomedical applications. For example,
Xu and coworkers [75] designed a multifunctional CeONP-capped mesoporous silica na-
noparticle (MSN) anticancer drug delivery system (Figure 5a,b). They synthesized (3-cy-
clodextrin modified nanoscale cerium oxides and ferrocene functionalized MSN. Under
physiological conditions, 3-cyclodextrin modified nanoscale cerium oxide entered lung
cancer (A549) cells by interacting with ferrocene functionalized MSN and lysosome path-
way (pH 4.5-5.0). The ferrocenyl moieties were oxidized to ferrocenium ions by CeONP
lids, which triggered the uncapping of CeONP and caused the drug release. Moreover,
nanoscale cerium oxide has a certain toxic effect on cells under acidic conditions, so it
shows a synergistic anticancer effect with anticancer drugs. And they also designed a
CeONP-terminated H2O»z-responsive drug release system for AD treatment (Figure 5c).
They combined the anti-aggregation performance of metal chelating agent and the anti-
oxidation performance of nanoscale cerium oxide in one system. The two-in-one dual-
function platform can effectively inhibit the formation of A{3, reduce ROS in cells, and
protect cells from Af-related toxicity, thus effectively realizing the treatment of diseases.
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Figure 5. Design of nanoscale cerium oxide anticancer drug carrier. (a) Nanoscale cerium oxide
nanocarrier framework for anticancer drugs [75]; (b) anticancer mechanism [75]; (c) anti-Alz-
heimer’s nanocarrier framework [75]. Copyright 2013 Royal Society of Chemistry

6. Conclusions and Perspectives

Firstly, nanoscale cerium oxide can be synthesized by precipitation method, hydro-
thermal method, combustion method, decomposition method, oxidation and wet synthe-
sis method, solvothermal method, green/bio directed synthesis, sonochemical method,
microwave assisted method, micro-emulsion method, sol-gel method, and so on.
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Furthermore, nanoscale cerium oxide has the catalytic ability to mimic superoxide
dismutase, peroxidase, oxidase, catalase and phosphatase. The catalytic activity of na-
noscale cerium oxide can be adjusted by size, morphology, composition, surface modifi-
cation, and surrounding environment methods to improve its application in detection.

In addition, nanoscale cerium oxide is widely used in the detection of organic/inor-
ganic molecules, and has application potential in antibacterial, antioxidant and anticancer
aspects.

In the future, how to improve the detection performance of nanoscale cerium oxide,
and how to improve the sensitivity and specificity in the detection process are also the key
research directions in future design. Nanoscale cerium oxides have great development
and utilization value, and it is believed that they can be fully applied to various research
fields in the future.
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