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Abstract: Ceria nanoparticles (CeO2 NPs) have become popular materials in biomedical and industrial fields due to their potential 
applications in anti-oxidation, cancer therapy, photocatalytic degradation of pollutants, sensors, etc. Many methods, including 
gas phase, solid phase, liquid phase, and the newly proposed green synthesis method, have been reported for the synthesis of CeO2 
NPs. Due to the wide application of CeO2 NPs, concerns about their adverse impacts on human health have been raised. This 
review covers recent studies on the biomedical applications of CeO2 NPs, including their use in the treatment of various diseases 
(e.g., Alzheimer’s disease, ischemic stroke, retinal damage, chronic inflammation, and cancer). CeO2 NP toxicity is discussed in 
terms of the different systems of the human body (e.g., cytotoxicity, genotoxicity, respiratory toxicity, neurotoxicity, and 
hepatotoxicity). This comprehensive review covers both fundamental discoveries and exploratory progress in CeO2 NP research 
that may lead to practical developments in the future.
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1 Introduction 

Cerium, which is a lanthanide element in sub‐
group III of the periodic table, is one of the most 
widely used rare earth elements (Zidar et al., 2020). 
Ceria, which has a fluorite structure, is the most im‐
portant and commonly used cerium oxide, and ceria 
nanoparticles (CeO2 NPs) are widely used in nano‐
technology (Schreiber et al., 2021). In the past dec‑
ade, nanotechnology has shown promising potential 
applications in the field of biomedicine (Yao et al., 
2021). CeO2 NPs comprise cerium atoms, which have 
two oxidation states (Ce3+ and Ce4+), linked by oxygen 
atoms (Hasanzadeh et al., 2018). Under redox condi‐
tions, cerium and oxygen can combine reversibly, and 

cerium can move between the Ce4+ and Ce3+ oxidation 
states (Fig. 1). This phenomenon is responsive to 
changes in temperature, pH, and other parameters, al‐
lowing CeO2 NPs to be successfully applied in biosen‐
sors (Ouyang et al., 2020). In addition to fast electron 
transfer kinetics, the high oxygen mobility and diffu‐
sivity of CeO2 NP surfaces also promote the conver‐
sion between the Ce4+ and Ce3+ valence states, thereby 
allowing anaerobic activity in the crystal structure 
(Rajendran et al., 2016). The reduction of Ce4+ to Ce3+ 
causes oxygen loss and vacancy generation in the 
nanoparticle lattice (Korschelt et al., 2018). These oxy‑
gen defects are the sites of catalytic reaction (Celardo 
et al., 2011; Abe et al., 2023). Reactive oxygen spe‐
cies (ROS) and reactive nitrogen species (RNS) are 
potentially harmful active substances produced in bio‐
logical systems under both normal physiological 
and pathological conditions (Dowding et al., 2013). 
Natural antioxidant enzymes such as superoxide dis‐
mutase (SOD) and catalase (CAT) can scavenge ROS 
and RNS produced in mammalian cells. Based on 
their enzyme-mimicking ability, CeO2 NPs can be 
used to simulate antioxidant enzymes. In addition to 
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scavenging hydroxyl groups and free radicals, CeO2 
NPs can downregulate cytokines and protect cells, 
making CeO2 NPs useful for the treatment of oxida‐
tive stress-induced conditions such as Alzheimer’s dis‐
ease, ischemic stroke, retinal damage, chronic inflam‐
mation, and cancer (Nelson et al., 2016). Fig. 2 re‐
views the history of biomedical applications of CeO2 
NPs since 2000.

Most studies on CeO2 NPs have focused on their 
antioxidant activity and other beneficial effects. How‐
ever, studies on the toxicity of CeO2 NPs remain in‐
conclusive. Several reports have indicated pro-oxidant 
cytotoxic effects of CeO2 NPs both in vivo and in vitro 
(Naidi et al., 2021). Most researchers think that the 
toxicity of CeO2 NPs is related to their surface prop‐
erties. With the decrease of the particle size of CeO2 
NPs, the specific surface area and volume increase, 
and the proportion of Ce3+ oxidation state increases 
(Shcherbakov et al., 2021). Most researchers think 
that the toxicity of CeO2 NPs is partly/mainly related 
to their surface properties (Choi et al., 2021). Previ‐
ous studies have revealed conflicting biological mech‐
anisms of CeO2 NPs, which reflect some unknown 
unique properties of CeO2 NPs (Khan et al., 2020).

Casals et al. (2020) reviewed the history of bio‐
medical applications of CeO2 NPs and their distribu‐
tion in organs, and summarized their possible hepato‐
toxicity in detail. Their review provides a good basis 
for research on CeO2 NPs. Singh et al. (2020) reported 
the biosynthesis and biomedical application of CeO2 
NPs. Although the synthesis and biomedical applications 

of CeO2 NPs have been reviewed, due to the rapid de‐
velopment of nanotechnology, recent advances in 
their synthetic methods, toxicity, and biological appli‐
cations require an updated comprehensive review. 
This review summarizes the synthetic methods of 
CeO2 NPs along with their biomedical applications, 
particularly in the treatment of oxidative stress-induced 
conditions including nervous system diseases, stroke, 
cancer, and retinal degenerative disease. In addition, 
the toxicity of CeO2 NPs is discussed in detail from the 
aspects of cytotoxicity, genotoxicity, respiratory tox‐
icity, and hepatotoxicity. Finally, the safety of CeO2 
NPs is assessed from an epidemiological perspective.

2 Synthesis of CeO2 NPs 

Considerable research has been carried out on 
the synthesis of CeO2 NPs, and many methods have 
been developed. According to the synthetic condi‐
tions, the preparation methods for CeO2 NPs can be 
divided into three types: gas-phase methods, solid-
phase methods, and liquid-phase methods. In addition, 
many researchers have recently proposed a green 
synthesis method in which CeO2 NPs are synthesized 
from plant and food extracts as well as various natural 
materials (Nyoka et al., 2020). Synthesis of CeO2 NPs 
is summarized in Table 1.

2.1 Gas-phase synthesis of CeO2 NPs

Gas-phase methods refer to methods in which 
two or more elements or compounds undergo chemical 
reactions in the gas phase to generate new nanoscale 
compounds (Ji et al., 2016). Compared to liquid- and 
solid-phase methods, gas-phase methods are associ‐
ated with higher-purity nanoparticles, less agglomer‐
ation, and better sintering performance. However, the 
synthesis of CeO2 NPs by gas-phase methods is diffi‐
cult to popularize because of the need for expensive 
equipment and its low nanoparticle yield (Li et al., 
2012). In gas-phase pyrolysis, the reaction is heated 
to the desired temperature using a high-temperature 
source in a vacuum or in an inert atmosphere, and gas‐
eous reactants or a reactant solution is introduced into 
the reactor via spraying. After the solution is volatil‐
ized under high-temperature conditions, nano-oxides 
are generated by thermal decomposition (Agi et al., 
2019). Yang et al. (2015) reported the production of 

Fig. 1  Structures of ceria nanoparticles (CeO2 NPs) in 
different oxidation states of Ce4+ (a) and Ce3+ (b), and 
schematic diagrams illustrating CeO2 NPs doped with 
trivalent ions from the lanthanide series, creating oxygen 
vacancies (left), and undoped CeO2 NPs (right) (c).
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charged nanoparticles via the thermal evaporation of 
metals under atmospheric pressure.

2.2 Solid-phase synthesis of CeO2 NPs

In solid-phase synthetic methods, nano-powders 
are formed via high-temperature decomposition from 

solid compounds or precursors formed by a solid-phase 
reaction. While the equipment used in solid-phase 
synthesis is simple and easy to operate, the powder 
obtained is often insufficiently pure and has a large 
particle size distribution. Thus, solid-phase methods 
are more suitable when the nanoparticles do not have 

Fig. 2  A road map of the research progress of ceria nanoparticles (CeO2 NPs) in the last few decades (Tsunekawa et al., 
2000; Zhang et al., 2001; Yin et al., 2002; Corma et al., 2004; Sayle et al., 2004; Tarnuzzer et al., 2005; Yeung et al., 2005; 
Schubert et al., 2006; Thill et al., 2006; Das et al., 2007; Niu et al., 2007; Heckert et al., 2008; Hirst et al., 2009, 2013; 
Rzigalinski et al., 2009; Pirmohamed et al., 2010; Estevez et al., 2011; Kim et al., 2012; Kolli et al., 2014; Fiorani et al., 
2015; Popov et al., 2016; Marino et al., 2017; Chen and Stephen Inbaraj, 2018; Yang et al., 2019a, 2019b; Asgharzadeh et al., 
2021; Nefedova et al., 2022; Ren et al., 2022; Mohammad et al., 2023; Xu et al., 2023). SOD: superoxide dismutase.
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Table 1  Synthesis of ceria nanoparticles (CeO2 NPs)

Synthesis method

Flame spray 
synthesis

Non-isothermal 
precipitation 
method

Hydrothermal 
method

A novel oil-
in-water 
microemulsion 
reaction method

Sol-gel method

Plant-mediated 
synthesis

Food-mediated 
synthesis

Microbe-mediated 
synthesis

Source

Cerium (8%, mass fraction) 
dissolved in 2-ethylhexanoic 
acid diluted in xylene as 
precursor

Cerium nitrate and liquid 
ammonia as the starting 
materials

CeCl3·7H2O, PVP, and ethanol

Cerium(III) 2-ethylhexanoate 
and europium(III) 
2-ethylhexanoate used as 
organometallic precursors

Cerium nitrate as the starting 
materials

Gloriosa superba leaf extract

Morus nigra fruit extract

Leucas aspera leaf extract

Salvia macrosiphon Boiss seed 
extract

Elaeagnus angustifolia leaf 
extract

Starch

Egg protein

Aspergillus niger

Curvularia lunata

Humicola sp.

Fusarium solani

Size and shape

24 nm, CeO2 
agglomerates

10 nm, CeO2 nanorods

Flower-like CeO2 
composed of 
nanosheets of 15 nm

30‒50 nm, agglomerated 
nanocrystals

Particles of 
approximately 10 nm 
with lattice fringes

5 nm, spherical

7.5 nm, irregular

4‒13 nm, microsphere

47 nm, spherical

30‒75 nm, spherical

6 nm, spherical

8‒17 nm, spherical

5‒20 nm, spherical

5‒20 nm, spherical

12‒20 nm, spherical

20‒30 nm, spherical

Characterization

TEM, ICP-MS, and ESI

TEM, XRD, FESEM, and 
FTIR

TEM, SEM, XRD, and XPS

HRTEM, XRD, and XPS

TEM, XRD, EXAFS, FTIR, 
and H2-TPR

XRD, XPS, TEM, FTIR, and 
UV-vis

TEM, XRD, and UV-vis

PXRD, SEM, UV-vis, TEM, 
and SAED

XRD, UV-vis, FTIR, FESEM, 
and TGA

XRD, SEM, TEM, and FTIR

XRD, TEM, and UV-vis

UV-vis, FESEM, FTIR, 
TGA/DTA, and PXRD

UV-vis, FTIR, XPS, XRD, 
TGA/DTA, PLS, and TEM

TEM, XRD, FTIR, PLS, and 
UV-vis

UV-vis, XPS, PLS, TEM, 
FTIR, and XRD

FTIR, PLS, TGA/DTA, 
FESEM, XRD, EDAX, 
TEM, XPS, SAED, and 
CLSM

Reference

Raemy et al., 
2011

Patil et al., 
2012

Shen et al., 
2018

Raemy et al., 
2011

Kim et al., 2021

Arumugam 
et al., 2015

Rajan et al., 
2019

Malleshappa 
et al., 2015

Elahi et al., 
2019

Singh et al., 
2019

Darroudi et al., 
2014a

Kargar et al., 
2015

Gopinath et al., 
2015

Sakthiraj and 
Karthikeyan, 
2020

Khan and 
Ahmad, 2013

Venkatesh 
et al., 2016

PVP: polyvinyl pyrrolidone; TEM: transmission electron microscopy; ICP-MS: inductively coupled plasma-mass spectrometry; ESI: electron 
spectroscopic imaging; XRD: X-ray powder diffraction; FESEM: field emission scanning electron microscopy; FTIR: Fourier transform infrared 
spectroscopy; SEM: scanning electron microscopy; XPS: X-ray photoelectron spectroscopy; HRTEM: high-resolution transmission electron 
microscopy; EXAFS: extended X-ray absorption fine structure; H2-TPR: H2 temperature-programmed reduction; UV-vis: ultraviolet and visible 
spectrum; PXRD: powder X-ray diffraction; SAED: selected-area electron diffraction pattern; TGA: thermogravimetric analysis; DTA: differential 
thermal analysis; PLS: photoluminescence spectroscopy; EDAX: energy dispersive X-ray spectroscopy; CLSM: confocal laser scanning 
microscopy.
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strict requirements (Shcherbakov et al., 2021). Mech‑
anical solid-phase chemical reaction is a new kind of 
material solid-state non-equilibrium processing of high-
energy ball-milling technology. Nakamura et al. (2020) 
used a mechanical wet solid-phase method to pre‐
pare quasi-spherical CeO2 NPs with a narrow par‑
ticle size distribution and an average particle size 
of 60 nm. The CeO2 NPs prepared by this method had 
the characteristics of high selectivity, high nanopar‐
ticle yield, low energy consumption, and a simple op‐
eration process.

2.3 Liquid-phase synthesis of CeO2 NPs

Liquid-phase methods are currently the synthetic 
methods most applied for preparing nanoparticles. 
Compared to gas-phase methods, liquid-phase methods 
have the advantages of simple equipment, a lack of 
high vacuum or other harsh physical conditions, ease 
of scaling for industrial production, high purity, and 
low agglomeration (Yun and Song, 2013). Liquid-phase 
methods include the precipitation (Parsaei et al., 2020), 
hydrothermal, microemulsion, and sol-gel methods.

2.3.1  Synthesis of CeO2 NPs by precipitation method

Precipitation is the most widely used method for 
the liquid-phase chemical synthesis of nanoparticles. 
In this method, a precipitator is added to a metal salt 
solution for precipitation. The precipitate is then fil‐
tered, dried, and roasted to obtain an ultrafine oxide 
powder (Fig. 3a) (Parsaei et al., 2020). The prepar‑
ation of rare earth oxide nano-powders via precipita‐
tion has the advantages of simple equipment, high ca‐
pacity, high utilization rate of raw materials, low 
environmental pollution, and applicability to industrial 
production. Khatami et al. (2019) used a direct precip‐
itation method to synthesize CeO2 NPs with diameters 
of 10 nm at room temperature using ethylene glycol 
as a cofactor.

2.3.2　Synthesis of CeO2 NPs by the hydrothermal 
method

The hydrothermal method is commonly used to 
prepare CeO2 NPs with specific morphologies. CeO2 
powders can be prepared hydrothermally in special re‐
actors with aqueous solutions as the reaction systems 
(Wu et al., 2020). The hydrothermal method is advan‐
tageous for the preparation of ultrafine oxides because 
of the relatively low cost of raw materials, high purity, 

good dispersion, good crystal shape, and controllable 
size. Meng et al. (2020) used a hydrothermal method 
to prepare rod-like CeO2 NPs with diameters of about 
7 nm and lengths of 30‒100 nm (Fig. 3b). Using 
Ce(NO3)3 as a cerium source, Mai et al. (2005) select‑
ively prepared single-crystalline and uniform nano‑
polyhedra, nanorods, and nanocubes of cubic CeO2 
using a hydrothermal method at different concentra‐
tions of NaOH. They have different numbers of ex‐
posed crystal faces: polyhedrons, 111 and 100; rods, 
110 and 100; and cubes, 100. CeO2 NPs with 111, 110, 
and 100 exposed faces present differentiated chemical 
properties as a function of the nanoshape of their 
constituent crystals (Conesa, 1995; Sayle et al., 2002).

2.3.3　Synthesis of CeO2 NPs by the microemulsion 
method

Microemulsions are usually transparent, isotropic, 
thermodynamically stable systems composed of a sur‐
factant, co-surfactant, oil, and water (Liu et al., 2015). 
When preparing nanomaterials via the microemulsion 
method, a layer of surfactant molecules is wrapped on 
the surface of each particle to prevent particle agglom‐
eration. Surfactant molecules can control the surface 
properties of particles and the sizes of particles in water/
oil microemulsions. As microreactors can control par‐
ticles in the nanometer scale, they are well-suited for 
synthesizing nanoparticles (Pemartin-Biernath et al., 
2016). Zhang et al. (2020) reported the preparation of 
CeO2 NPs via the microemulsion method. Sarnatskaya 
et al. (2020) synthesized CeO2 NPs in reverse micro‐
emulsions and showed that CeO2 NPs can form a highly 
stable aqueous suspension without any additional 
stabilizers. Martínez-Arias et al. (2000) prepared CeO2 
nanospheres with a cubic fluorite structure by a 
reversed-phase microemulsion method.

2.3.4　Synthesis of CeO2 NPs by the sol-gel method

The sol-gel method uses water-soluble salts or oil-
soluble alkyd salts as precursor materials, uniformly 
mixes these raw materials in the liquid phase, and 
performs hydrolysis and condensation reactions to 
form a stable transparent sol system in the solution. 
This is slowly polymerized to form a gel with a three-
dimensional (3D) network structure, and the gel net‐
work is filled with a solvent that has lost its fluidity to 
form a gel. The gel is dried, sintered, and cured to pro‐
duce molecular and even nano-structured materials 
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(Hassanpour et al., 2021). Yulizar et al. (2021) used 
the sol-gel method with an extract of Morinda offici‐
nalis fruit as an oxidant to prepare spherical CeO2 
NPs with an average size of 51.6 nm. The powders 
obtained by the sol-gel method have small particle 
size, high purity, and a uniform particle distribution. 
However, the sol-gel method has some disadvantages 
such as a long processing time, gel shrinkage, and too 
many micropores.

2.4 Green synthesis of CeO2 NPs

In chemical synthesis methods, toxic substances 
can be adsorbed on the surface of nanoparticles, which 
may cause adverse effects in a biological environment 
(Fabiano et al., 2019). Growing interest in waste re‐
duction and the adoption of sustainable processes has 
led to the need for green synthesis, which requires a 
non-toxic, renewable, and environmentally safe form 
of nanoparticle synthesis (Fig. 3c) (Naidi et al., 2021). 

Here, we discuss different green synthesis methods of 
CeO2 NPs, such as plant-mediated synthesis, food-based 
product-mediated synthesis, and microbe-mediated 
synthesis.

2.4.1　Plant-mediated synthesis of CeO2 NPs

Plant-mediated preparation of metal nanopar‐
ticles has received increasing attention because it is 
simple and environmentally friendly, and the extracts 
of the plants used consist of different biomolecules, 
such as vitamins, proteins, surfactants, and carbohy‐
drates, which help stabilize the nanoparticles (Duan 
et al., 2015). Arumugam et al. (2015) synthesized CeO2 
NPs using a leaf extract of Gloriosa superba L. Finely 
cut leaves were added to double-distilled water and 
boiled at 50–60 °C for 5 min. The extracted solu‐
tion was filtered and CeCl3 salt was added. After 
continuous stirring at 80 ℃, the precipitate was roasted 
at 400 ℃ for 2 h to obtain CeO2 nanopowder. Kannan 

Fig. 3  Several synthesis methods of ceria nanoparticles (CeO2 NPs). (a) CeO2 NPs can be prepared by a traditional 
precipitation method. (b) CeO2 nanorods can be synthesized by a solution-based hydrothermal method. (c) Schematic 
diagram of the formation of CeO2 NPs using plant extracts. Reproduced from Naidi et al. (2021) by permission of Royal 
Society of Chemistry.
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and Sundrarajan (2014) synthesized CeO2 NPs from 
Acalypha indica leaf extract as crystalline materials 
with a grain size of 25‒30 nm.

2.4.2　Food-mediated synthesis of CeO2 NPs

In addition to plant extracts, food extracts have 
been used to synthesize CeO2 NPs. Darroudi et al. 
(2014b) developed a simple, green chemical method 
for the synthesis of CeO2 NPs using bio-directed, low-
cost honey as the raw material. In this method, CeO2 
NPs were synthesized by a sol-gel method in an aque‐
ous honey solution. Sangsefidi et al. (2017) first pre‐
pared CeO2 NPs by a microwave method in an aque‐
ous solution containing (NH4)2Ce(NO3)6 and NaOH 
with carbohydrate as a green capping agent. The syn‐
thesis of CeO2 NPs by carbohydrate was found to be 
an excellent alternative method for the preparation of 
CeO2 NPs, using food and bio-derived materials.

2.4.3　Microbe-mediated synthesis of CeO2 NPs

Microbial metabolites, such as enzymes, proteins, 
and heterocyclic derivatives, play a key role in the re‐
duction and stabilization of CeO2 bulk salts to their re‐
spective NPs (Nadeem et al., 2020). In addition, mi‐
crobially generated CeO2 NPs show better stability 
and water dispersion, high fluorescence performance, 
and less agglomeration. The synthesis of CeO2 NPs 
by fungi is a simple, economical, and environmentally 
friendly method, which is also potentially helpful 
for the control of pathogenic bacteria and dengue 
virus vectors. Spherical CeO2 NPs with a particle size 
of 20‒30 nm show the highest antibacterial activity 
against Pseudomonas aeruginosa and Klebsiella 

pneumoniae. These diverse green synthesis processes 
are excellent substitutes for the preparation of CeO2 
NPs.

3 Biomedical applications of CeO2 NPs 

3.1 Progress in sensors based on CeO2 NPs

Recent advances in research on nanoparticles 
used as sensors have had a revolutionary impact on 
pharmaceutical and biomedical applications (Mollara‐
souli et al., 2021). CeO2 NPs are generally applied in 
sensors due to their good mechanical properties, ionic 
conductivity, oxygen storage capacity, and chemical 
properties (Vlachou et al., 2020). CeO2 NPs can be ap‐
plied to a variety of sensors, such as fluorescence, en‐
zyme, DNA, and biosensors (Fig. 4). Therefore, here 
we discuss the development of sensors based on CeO2 
NPs.

3.1.1　CeO2 NPs as fluorescence sensors

Fluorescence sensors are based on the reaction 
of substances with a sensitive fluorescent film. A sub‐
stance can be detected by a change in the fluorescence 
of the photosensitive film (Yang et al., 2018a). Vari‐
ous fluorescence detection platforms have been de‐
signed and commercialized for different applications, 
including food safety, drug delivery and discovery, 
and biological imaging (Liu et al., 2016). Zhang et al. 
(2022) prepared nanobubbles loaded with carbon 
quantum dots for fluorescence detection of tumors. 
Kuznetsov et al. (2022) developed a fluorescent nano‐
sensor for hybrid imaging with autofluorescence imag‐
ing (AFI) to detect tumors. Sack et al. (2014) studied 

Fig. 4  Characteristics of four kinds of sensors based on ceria nanoparticles (CeO2 NPs). (a) Fluorescence sensors; 
(b) Enzyme sensors; (c) DNA sensors; (d) Biosensors. ssDNA: single-stranded DNA; dsDNA: double-stranded DNA.
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the effect of CeO2 NPs on adriamycin in human mela‐
noma cells and found that the CeO2 NPs reduced the 
side effects and improved the efficacy of adriamycin. 
In the process of killing tumor cells, it is difficult to 
locate the subcellular organelles and identify the mech‐
anism by which tumor cells are killed (Sack et al., 
2014). These problems can be solved by combining 
fluorescein isothiocyanate with CeO2 NPs (Yang et al., 
2018b). When CeO2 NPs interact with some biologi‐
cal macromolecules (proteins and enzymes) or drugs, 
they change color, which can be used to diagnose dis‐
ease (Fig. 4a) (Shehata et al., 2020).

3.1.2　CeO2 NPs as enzyme sensors

Enzymes are one of the most important bio‐
catalysts. CeO2 NPs can be used in enzyme sensors 
(Fig. 4b). Karimi et al. (2016) used the redox activity 
of CeO2 NPs as a sensing platform for the detection of 
oxidase substrates. This enzyme sensor produces color 
by the action of oxidases on their corresponding sub‐
strates to produce hydrogen peroxide (H2O2). The en‐
zyme sensor has high sensitivity and maneuverability 
within a certain linear range (Bhagat et al., 2018). The 
combination of CeO2 NPs and enzymes can improve 
the sensitivity of natural enzymes to temperature and 
pH, thereby improving the reliability and biocompati‐
bility of the sensor (Karimi et al., 2016). Enzyme sen‐
sors based on CeO2 NPs show enormous potential in 
the diagnosis and treatment of cancer and other dis‐
eases (Zhao et al., 2021).

3.1.3　CeO2 NPs as DNA sensors

DNA is the carrier of genetic information. The 
nanostructure of DNA is consistent with those of metal 
nanomaterials in the same dimension (Guo et al., 
2017). Due to their large specific surface area, good 
biocompatibility, and strong adsorption capacity, CeO2 
NPs provide a new strategy for developing DNA bio‐
sensors (Fig. 4c) (Hu et al., 2012). Researchers have 
prepared CeO2 NP-based probes including immobil‑
ized single-strand DNA (ssDNA) for detecting colo‑
rectal cancer genes (Feng et al., 2006). In DNA sen‐
sors based on CeO2 NPs, the CeO2 NPs increase the 
load of the ssDNA probe on the electrode surface to 
detect a change in galvanic current (Alili et al., 2013). 
CeO2 NPs bind to DNA through a base, which lays the 
foundation for further disease detection and binding 
between DNA and other metal nanoparticles (Qian 
et al., 2018).

3.1.4　CeO2 NPs as biosensors/biomolecules

Biomarkers refer to biochemical indicators that 
can mark structural or functional changes and pos‐
sible changes in systems, organs, tissues, cells, and 
subcellular fractions (Robb et al., 2016). Due to the 
instability of biomolecules, biomarker sensors based 
on CeO2 NPs have begun to attract research attention 
(Fig. 4d) (Charbgoo et al., 2017). Biosensors based on 
CeO2 NPs can detect the content of biomolecules 
in vivo, allowing them to be used in the treatment and 
diagnosis of inflammatory response. They can detect 
dopamine for the treatment of Parkinson’s disease and 
mood-related disorders (Pranti et al., 2019). Based on 
the high sensitivity of this biomarker sensor, small 
changes in dopamine cause large changes in electricity, 
which is highly beneficial for the pre-diagnosis and 
post-diagnosis treatments of disease (Yi et al., 2020).

3.2 Application of CeO2 NPs in bioimaging

The applications of lanthanide-activated nanopar‐
ticles in 3D display, lasers, super-resolution microscopy, 
anti-counterfeiting, and biomedicine are of great inter‐
est, especially in molecular biological imaging, tumor 
therapy, and photogenetic neuromodulation (Yi et al., 
2020). Zhong et al. (2017) investigated Er3+/Ce3+ 
co-doped β-phase NaYbF4 nanocrystals for lumines‐
cence imaging above 1500 nm. Ce3+ doping also in‐
hibits photon up-conversion and enhances competi‐
tive deceleration attenuation, leading to rapid imaging 
of cerebral blood vessels in vivo. Li et al. (2019) in‐
vestigated an Er3+/Ce3+ co-doped nanosystem and con‐
firmed its ability to visualize small tumors and their 
blood vessels with a high spatial resolution of 41 μm. 
Recently, research on lanthanide-activated nanopar‐
ticles, especially CeO2 NPs, has gained considerable 
momentum, with systematic in vitro and in vivo 
studies of multifunctional bioimaging, phototherapy, 
and photogenetics, suggesting that they will play a 
role in precision nanomedicine in the near future.

3.3 Antioxidant and enzyme-mimetic activity of 
CeO2 NPs

Although natural enzymes have high activity and 
good selectivity, they are easily deactivated and diffi‐
cult to preserve. Nanoparticles, which have catalytic 
activity similar to that of natural enzymes, have at‐
tracted considerable attention as alternatives to natural 

368



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388    |

enzymes. Due to the unique redox properties of CeO2 
nanomaterials, the regulation of simulated enzyme ac‐
tivity is a hotspot in nanomaterial research (Zhang 
et al., 2020). CeO2 NPs are powerful artificial oxidases 
that mimic the activities of CAT and SOD. The oxidase-
like activity of these nanoparticles is derived from the 
Ce3+ on the nanoparticle surface, which is the catalytic 
center. The Ce4+ on the CeO2 NP surface is partially 
reduced to Ce3+, resulting in significant oxidation 
resistance. ROS/RNS are groups of reactive molecules 
or ions with high oxidation activity, including mainly 
superoxide anion (O2

•−), H2O2, hydroxyl radical (‧OH), 
and nitric oxide (NO) (van Dam and Dansen, 2020). 
The antioxidant activity of CeO2 NPs is based on the 
Ce3+/Ce4+ redox cycle, which enables CeO2 NPs to 
react with O2

•− and ‧OH in cells. In this process, Ce3+ 
is responsible for removing O2

•− and ‧OH, while Ce4+ 
is responsible for removing H2O2 (Wu et al., 2020). 
CeO2 NPs can scavenge NO•− by forming an electro‐
positive nitrosyl ligand because the internal electrons 
transfer from NO•− to Ce4+ (Kalashnikova et al., 
2020). Ni et al. (2019) found that CeO2 NPs effectively 
relieved the clinical symptoms of liver ischemia-
reperfusion injury (IRI) by scavenging ROS and in‐
hibiting the activation of Kupffer cells and monocytes/
macrophages (Fig. 5). Thus, CeO2 NPs can be used to 
simulate antioxidant enzymes such as SOD and CAT, 
which can scavenge ROS/RNS produced in mam‐
malian cells (Fisher et al., 2019).

3.3.1　SOD-simulating activity of CeO2 NPs

SOD is an enzyme inherent in vivo, and there are 
components that can simulate SOD in vitro. SOD is 
regarded as the most magical enzyme in biotechnology 
and the garbage collector in the human body. Because 
of the high Ce3+/Ce4+ ratio on the particle surface, 
CeO2 NPs can simulate the activity of SOD (Das et al., 
2013). Small-sized CeO2 NPs have a high proportion 
of Ce3+, resulting in a strong scavenging activity re‐
sembling SOD. Previous studies have shown that the 
ratio of Ce3+/Ce4+ determines the SOD-simulating ac‐
tivity of CeO2 NPs, and CuZn-SOD has been specu‐
lated to induce the reduction of Ce4+ to Ce3+ (Li YH 
et al., 2022). During the interaction between CuZn-
SOD and CeO2 NPs, the reduction of Cu2+ and elec‐
tron transfer from the enzyme to CeO2 NPs can occur 
(Kong et al., 2020). The findings also indicate that 
CeO2 NPs with different sizes, shapes, and surface 
chemistries can have significant superoxide removal 
ability, opening the door for the biomedical applica‐
tion of CeO2 NPs (Cafun et al., 2013).

3.3.2　CeO2 NPs with CAT-like biological activity

CAT is a scavenging enzyme that uses iron por‐
phyrin as a cofactor. The enzymatic activity of CAT 
provides antioxidant defense for the body. CAT can 
promote the decomposition of H2O2 into molecular 
oxygen and water, thereby protecting cells from toxic 

Fig. 5  Schematic illustration of the cellular mechanism of ceria nanoparticles (CeO2 NPs) as a reactive oxygen species 
(ROS) scavenger in the treatment of ischemia-reperfusion injury (IRI). Reproduced from Ni et al. (2019) by permission 
of John Wiley and Sons, Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. IL: interleukin; TNF-α: 
tumor necrosis factor-α; INF-γ: interferon-γ; NOS2: nitric oxide synthase 2; MPO: myeloperoxidase; ICAM-1: intracellular 
adhesion molecule-1.
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H2O2. CeO2 NPs with a high Ce4+/Ce3+ ratio show CAT-
like activity. Singh et al. (2011) evaluated the stability 
and CAT-like activity of CeO2 NPs cultured in phos‐
phate buffer. They found that CeO2 NPs cultured in 
phosphate buffer at the same molar concentration 
formed cerium phosphate-like substances, leading to 
the loss of CAT activity. In addition, the CAT-like ac‐
tivity of CeO2 NPs in Dulbecco’s modified Eagle’s 
medium (DMEM) was studied. The absorbance mode 
of the CeO2 NPs in phosphate buffer did not change 
compared to that in DMEM, indicating that DMEM 
did not cause CeO2 NP aggregation or change of the 
surface oxidation state of the CeO2 NPs (Nemmar et al., 
2021). This insensitivity of the chemical properties of 
CeO2 NPs to pH and different solvents is important 
for the antioxidant/catalytic activity and biological ap‐
plication of CeO2 NPs.

3.4 Application of CeO2 NPs in oxidative stress-
associated disease treatment

Oxidative stress is a response to the external en‐
vironment. Continuous oxidative stress disrupts the 

normal oxidation/antioxidation balance and causes the 
release of inflammation-related factors and the produc‐
tion of oxygen-containing free radicals, leading to 
damage to cell organs. The development and use of 
antioxidant CeO2 NPs in biological and medical re‐
search are rapidly expanding. CeO2 NPs have been 
tested in in vitro and in vivo models as a potential thera‑
peutic modality for various types of cancer, eye dis‐
eases, neurodegenerative diseases, chronic inflamma‐
tion, ischemic cardiomyopathy, and diabetes (Nelson 
et al., 2016). There are two main cellular mechanisms 
of CeO2 NPs in the treatment of oxidative stress-
associated diseases: the first is to suppress inflamma‐
tion, inhibit the conversion of macrophages from anti-
inflammatory M2 type to pro-inflammatory M1 type, 
and reduce the production of pro-inflammatory factors; 
the second is mimicking the activity of enzymes to 
scavenge excess ROS produced by mitochondria 
(Fig. 6) (Sun et al., 2021). The potential for self-
renewal makes CeO2 NPs a valuable and useful anti‐
oxidant that can applied in biological systems. Thus, 
CeO2 NPs have become a research hotspot in the area 
of oxidative stress-related disease treatment.

Fig. 6  Schematic diagram of the cellular mechanism of ceria nanoparticles (CeO2 NPs) in the treatment of oxidative 
stress-induced periodontitis. Reprinted from Sun et al. (2021), Copyright 2020, with permission from Elsevier. Ce6: 
chlorin e6; APTES: 3-aminopropyltriethoxysilane; ROS: reactive oxygen species; IL: interleukin; TNF-α: tumor necrosis 
factor-α; Arg-1: arginine-1; TGF-β: transforming growth factor-β; NHS: N-hydroxy succinimide; EDC: ethyl-carbodiimide 
hydrochloride; RT: room temperature.
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3.4.1　CeO2 NPs for the treatment of neurodegenerative 
diseases

Neurodegenerative diseases are caused mainly by 
oxidative stress, mitochondrial dysfunction, and neuro‐
inflammation. These diseases affect mainly the brain 
and neuron cells. CeO2 NPs increase the average life‑
span of neurons (Takahashi et al., 2020). Parkinson’s 
disease is caused by the abnormal function of the 
external vertebral system resulting from brain infec‐
tion, trauma, hemorrhage, infarction, and other issues 
(Rzigalinski et al., 2006). CeO2 NPs can play an active 
role in the treatment of Parkinson’s disease by pro‐
tecting dopamine neurons (Sun et al., 2017). CeO2 NPs 
ameliorate the decrease in dopamine level in the stria‐
tum in a dose-dependent manner and help retain dopa‐
minergic neurons in the substantia nigra (Sudhakar and 
Richardson, 2019). Alzheimer’s disease, a common 
neurodegenerative disease in the elderly, is a high-risk 
disease that causes death in humans. At present, the 
deposition of amyloid β (Aβ) protein in the human 
brain and the production of nerve fiber tangles are the 
main histopathological markers of Alzheimer’s disease. 
Some studies have indicated a possible role of CeO2 
NPs in treating Alzheimer’s disease, which was dem‐
onstrated by inhibiting the activation of microglia to 
eliminate the free radicals produced in vitro during the 
aggregation process of Aβ (Fig. 7a) (Zhou et al., 2011; 
Zhang et al., 2021; Machhi et al., 2022). Experimental 
data suggest that combining triphenylphosphine with 
CeO2 NPs results in a potential candidate drug for 
the treatment of oxidative stress-induced mitochon‐
drial damage in Alzheimer’s disease (Biswas et al., 
2012).

3.4.2　CeO2 NPs for the treatment of ischemic stroke

Ischemic stroke is a cerebrovascular disease 
caused by arteriostenosis or chronic cerebral circula‐
tion insufficiency. Ischemic stroke is the leading cause 
of disability in young Americans, and is associated 
with high mortality worldwide (Tarafdar and Pula, 
2018). During ischemia, ROS and RNS accumulate 
and induce oxidative damage (Wahlgren and Ahmed, 
2004). The neuroprotective effect of CeO2 NPs is gen‐
erally due to a moderate reduction of ROS. Li X et al. 
(2022) loaded DL-3-n-butylphthalide (NBP)-CeO2 NPs 
with nano-cerium oxide as carrier for the comprehen‐
sive treatment of ischemic stroke. Compared with ei‐
ther human umbilical cord mesenchymal stem cells 

(HucMSCs) or CeO2 NPs individually, CeO2 NP-
labeled HucMSCs exerted significantly enhanced cap‑
acities for stroke therapy after showing combined anti‐
oxidant and anti-inflammatory effects (Fig. 7b) (Zuo 
et al., 2019). Therefore, these studies provide an effect‑
ive strategy for the targeted treatment of brain neuro‑
pathy, and may provide a reference for the treat‐
ment of other neurodegenerative diseases.

3.4.3　CeO2 NPs for cancer treatment

In China over the past 20 years, cancer has shown 
a trend of increasing morbidity and mortality and a 
higher incidence among young people (Turrens, 2003). 
The most common problem in tumor treatment is in‐
vasion and metastasis. Nanoparticle-based cancer treat‐
ments have fewer side effects than many other treat‐
ments. CeO2 NPs can clean up free radicals and exert 
anticancer activity through oxygen vacancy-mediated 
chemical reaction without the need for radiation (Bas‐
sous et al., 2021). Radioresistance is an important chal‐
lenge in the clinical treatment of cancer. The novel 
two-dimensional (2D) graphdiyne (GDY) can firmly 
anchor and disperse CeO2 NPs to form GDY-CeO2 
nanocomposites. These show superior CAT simula‐
tion activity during the decomposition of H2O2 to O2, 
significantly alleviating tumor hypoxia, promoting 
radiation-induced DNA damage, and ultimately inhibit‑
ing tumor growth in vivo (Zhou et al., 2021). For the 
first time, Lu HB et al. (2022) synthesized CeO2 NPs 
using an extract of Kochiae fructus (KF), which had 
good biocompatibility and showed significant cytotoxic 
effects on HeLa cancer cells (Fig. 7c). As anticancer 
drugs, CeO2 NPs show enormous potential.

3.4.4　CeO2 NPs for the treatment of retinal damage

Retinopathy is an eye disease related to neurode‐
generation and ROS (Bhatti, 2006). Wong et al. (2013) 
demonstrated that stable water-dispersed CeO2 NPs 
can delay photoreceptor cell degeneration in rodent 
models and prevent pathological retinal neovascular‐
ization in very low density lipoprotein receptor (vldlr)-
mutant mice. CeO2 NPs are promising ophthalmic 
therapies for the treatment of retinal diseases known 
to involve oxidative stress in their pathogenesis be‐
cause they are effective at low doses, are nontoxic, 
and are retained in the retina for a long time (Wong 
et al., 2013). Retinal pigment epithelium (RPE) dys‐
function and degeneration underlie the development of 
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age-related macular degeneration (AMD), which is 
the leading cause of blindness worldwide. In in vivo 
studies, injection of CeO2 NPs 3 d before acute light 
damage (LD) prevented the death and degeneration of 
RPE cells (Tisi et al., 2020). Badia et al. (2023) 

prepared an ocular administration formulation of 3-nm 
CeO2 NPs, which can reduce the oxidative stress of 
ARPE19 cells and inhibit the formation of neovascu‐
larization. CeO2 NPs significantly decreased vascular 
endothelial growth factor (VEGF) protein levels, 
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reduced neovascularization in deep retinal plexus, and 
inhibited choroid germination in the photosensitive 
layer (Fig. 7d) (Tisi et al., 2022). Therefore, CeO2 NPs 
are expected to find application in the treatment of 
retinal neurodegenerative diseases (Chen et al., 2018).

3.4.5　CeO2 NPs for the treatment of chronic inflammation

Inflammation and oxidative stress are interrelated, 
and both are related to many diseases. ROS can pro‐
mote the occurrence and development of organ func‐
tion damage and inflammation in sepsis (Lu JQ et al., 
2022). There are many types of inflammatory media‐
tors, such as inducible NO synthetase, nuclear factor-κB 
(NF-κB), tumor necrosis factor-α (TNF-α), and inter‐
leukin (Kieffer et al., 2020). Inflammation and for‐
eign body reactions induced by macrophages often 
cause delay or failure of wound healing (You et al., 
2023). CeO2 NPs can control local inflammation lead‐
ing to a protective immune response, and maintain the 
balance of surrounding tissue regeneration (Sun et al., 
2021). Hypoxia-inducible factor-1α (HIF-1α) expres‐
sion and ROS induce synovial inflammation in rheu‐
matoid arthritis, affecting the balance of macrophage 
subsets (Laria et al., 2016). CeO2 NPs could be de‐
livered systemically with accumulation in synovial tis‐
sues of joints through the secreted protein acidic and 
rich in cysteine (SPARC)-mediated mechanism, and 
effectively inhibit inflammation via reducing hypoxia, 
scavenging excessive ROS, and restoring the misbal‐
ance of M1/M2 macrophages (Fig. 7e) (Kalashnikova 
et al., 2020). Koo et al. (2023) developed a CeO2 NP- 
immobilized mesenchymal stem cell nanovesicle 

hybrid system to address multiple factors in rheuma‐
toid arthritis. Therefore, CeO2 NPs can replace general 
anti-inflammatory drugs for the treatment of chronic 
inflammation, resulting in better and more stable 
therapeutic effects.

3.5 Other biomedical applications of CeO2 NPs

CeO2 NPs are widely used in the biomedical 
field due to their ability to mediate the oxidation state 
of Ce and balance oxygen vacancy (Fig. 8) (Scutiero 
et al., 2017). Experiments with gastrointestinal epithe‐
lial cells showed that CeO2 NPs can protect normal 
cells from radiation and regulate the expression of 
SOD-related genes (Türkez et al., 2017). Studies have 
shown that CeO2 NPs can bind to α-synuclein mono‐
mer to prolong the lag stage of amyloid fiber forma‐
tion, and the resultant aggregates are less toxic than 
those formed without CeO2 (Zand et al., 2019). Weng 
et al. (2021) reported that CeO2 NPs with tunable cata‐
lytic activity could prevent chemotherapy-induced 
acute kidney injury (AKI) without interfering with 
chemotherapeutic drugs. Recent studies have found 
that CeO2 NPs can also be applied in the field of space 
nanomedicine. Genchi et al. (2018, 2021) applied CeO2 
NPs to muscle cells on the ground and aboard the In‐
ternational Space Station to investigate the potential 
protective effect of CeO2 NPs against microgravity 
and cosmic radiation-related oxidative stress in the 
space environment at the transcriptional level. Duan 
et al. (2023) designed a bifunctional cerium-based metal-
organic framewor@polydopamine (CeMOF@PDA) 
composite material, which can remove iron overload 

Fig. 7  Application of ceria nanoparticles (CeO2 NPs) in the treatment of oxidative stress-related diseases. (a) Europium 
(Eu)-doped CeO2 NP (EuCeO2NP) treatment improves microglial phagocytosis of amyloid β (Aβ). Reprinted with the 
permission from Machhi et al. (2022). Copyright 2022 American Chemical Society. (b) Antioxidative, inflammatory 
modulation, and neurotrophic effects of hyaluronic acid-coated nanoceria (HA-CeO2)-labeled human umbilical cord 
mesenchymal stem cells (HucMSCs). Reprinted from Zuo et al. (2019). (c) Combined synthesis of Kochiae fructus 
(KF)-CeO2 NPs for effective antibacterial and anticancer nanotherapeutics. (1) KF-CeO2 NPs synthesized from KF 
extract have antibacterial and anticancer ability and cell biocompatibility; (2) In vitro anticancer activity of KF-CeO2 
NPs against HeLa carcinoma cells in terms of cell viability percentage compared to that of cerium nitrate hexahydrate 
(CH)-CeO2 NPs and KF extract. Reprinted from Lu HB et al. (2022). (d) Intravitreal injection of CeO2 NPs prevents 
neovascularization in the light damage (LD) animal model. (1) Western blot analysis of vascular endothelial growth 
factor A (VEGFA); (2, 3) Vessel analysis of the deep retinal plexus; (4, 5) Representative confocal images of whole mounted 
retinas and retinal cryosections stained with Isolectin B4 (green). Reprinted from Tisi et al. (2022). (e) Schematic 
representation of the interaction of albumin-binding receptors with A-nanoceria within an inflamed rheumatoid arthritis 
(RA) joint. Reprinted from Kalashnikova et al. (2020). IL: interleukin; TNF-α: tumor necrosis factor-α; CD36: cluster of 
differentiation 36; mRNA: messenger RNA; iNOS: inducible nitric oxide synthase; GDNF: glial-derived neurotrophic 
factor; Nrf2: nuclear factor-erythroid-2-related factor 2; VEGF: vascular endothelial growth factor; INF-γ: interferon-γ; 
RANTES: regulated upon activation normal T cell expressed and secreted; ROS: reactive oxygen species; CTRL: 
control; ONL: outer nuclear layer; FcRn: neonatal Fc receptor; SPARC: secreted protein acidic and rich in cysteine; 
ICG: indocyanine green. Readers are encouraged to refer to the original source for annotations.
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(IO) while scavenging ROS, reduce tissue damage 
caused by oxidative stress, and be used to treat thal‐
assemia IO. Liu D et al. (2023) prepared albumin bio‐
mimetic CeO2 NPs and dispersed them in gelatin 
methacryloyl to obtain an ROS-scavenging hydrogel 
(CeNP-Gel) to induce the integration and neural dif‐
ferentiation of transplanted neural stem cells (NSCs) 
for the treatment of spinal cord injury (SCI). CeO2 
NPs can inhibit bacterial proliferation and control in‐
flammation (Joorabloo and Liu, 2024). Chatzimentor 
et al. (2023) showed that the highest concentration of 
5 g CeO2 NPs could exert an antibacterial effect on P. 

gingivalis, making them an ideal choice for clinical 
application. Cui et al. (2022) recently detailed the lat‐
est advances in the application of CeO2 NPs in vari‐
ous models of preclinical eye diseases, including cor‐
neal diseases, lens diseases, glaucoma, and retinal dis‐
eases. Liu XY et al. (2023) developed multifunctional 
hydrogel eye drops for the synergistic treatment of 
uveitis by adding the anti-inflammatory agent dexa‐
methasone (DSP) and ROS scavenger CeMOFs to the 
thermosensitive triblock copolymer F127. Applica‐
tions of CeO2 NPs in biomedicine are summarized in 
Table 2.

Fig. 8  Diagram summarizing biomedical applications of ceria nanoparticles (CeO2 NPs). ssDNA: single-stranded DNA; 
dsDNA: double-stranded DNA; SOD: superoxide dismutase; CAT: catalase.
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Table 2  Applications of ceria nanoparticles (CeO2 NPs) in biomedicine

Application
Scavenging ROS in the 

treatment of psoriasis

Promoting inflammatory 
macrophage phenotype 
into anti-inflammatory 
phenotype

Treatment of 
ophthalmopathy by 
scavenging ROS

Parkinsonian and 
antioxidant and 
antiapoptotic

Treatment of retinal 
neurodegeneration

Anti-smoking drugs for 
cardiovascular disease

Treatment of chronic 
inflammation

Reduce the damage of 
endometrium in mice 
model

Delaying the function 
loss of photoreceptor 
cells

Treatment of myocardial 
oxidative stress, ER 
stress, and 
inflammatory

Treatment of sepsis

Treating ischemic 
reperfusion-induced 
ROS-mediated 
cerebrovascular and 
neural injury during 
ischemia strokes

Type of CeO2 NPs and treatment
20 µL of the β-CD/CeO2 NP 

dispersion at different 
concentrations (0, 5, 10, 20, 40, 
80, 160, and 200 µg/mL)

1 mg/kg CeO2 NPs, 1 mg/kg 
MTX, a widely used RA drug, 
or saline, and 1 mg/kg bovine 
serum albumin two times a week

CeNP-CL with diameter of 14 mm 
and cerium concentration of 0, 
10, 30, 50, and 83 mmol/L in 
monomer mixture

0.5 mg/kg of CeO2 NPs or vehicle 
for three weeks

The tail vein with 300 µL of a 
suspension of CeO2 NPs at the 
dose of 20 mg/kg

Pretreatment of H9c2 cells with 
1, 10, or 100 nmol/L CeO2 NPs 
for 24 h

10 mmol/L of CeO2 NPs for 24 h

CeO2 NP concentration 
(0.5 mg/kg body weight)

1.72 to 344 ng

Administered intravenously 
15 nmol of CeO2 NPs or vehicle 
only twice a week for two 
weeks

Administration of a single dose 
(0.5 mg/kg) of CeO2 NPs

Saline group, CeO2@ZIF-8 group 
(0.2 mg/kg), and CeO2@ZIF-8 
group (0.4 mg/kg) (ten mice 
per group)

Cell lines/models
IMQ-induced 

mouse

CIA mouse 
model

DES mouse

Rats with 
Parkinson’s 
disease

Sprague-Dawley 
rats

H9c2 rat heart-
derived 
embryonic 
myocytes

J774A.1 murine 
macrophage 
cell

CD-1 strain 
Swiss Albino 
female mice

P23H-1 rat, a 
photoreceptor 
degeneration 
model

MCP-1 
transgenic 
mice

RAW264.7 cells 
and Sprague-
Dawley rats

MCAO model 
mice

Main results
β-CDs/CeO2 NPs as a 

multifunctional nanozyme 
for combinational therapy 
of psoriasis

Ceria-based nanotheranostic 
agent for rheumatoid 
arthritis

CeO2 NPs as a therapeutic 
contact lens for removing 
ocular surface ROS excess

CeO2 NPs could ameliorate 
behavioral and neurochemical 
impairments in 
6-hydroxydopamine-induced 
Parkinson’s disease in rats

CeO2 NPs reduce microglial 
activation and 
neurodegenerative events in 
light-damaged retina.

CeO2 NPs inhibit oxidative 
stress and NF-κB activation 
in H9c2 cardiomyocytes 
exposed to cigarette smoke 
extract

Anti-inflammatory properties 
of CeO2 NPs

Mitigation of endometriosis 
using regenerative CeO2 NPs

Defining the catalytic activity 
of CeO2 NPs

Cardioprotective effects of 
CeO2 NPs in a transgenic 
murine model of 
cardiomyopathy

Effect of CeO2 NPs on 
sepsis-induced mortality 
and NF-κB signaling in 
cultured macrophages

Highly bioactive ZIF-8-
capped nanotherapeutics for 
efficient reversal of 
reperfusion-induced injury 
in ischemic stroke

Reference
Wu et al., 

2020

Kalashnikova
et al., 
2020

Choi et al., 
2020

Hegazy 
et al., 
2017

Fiorani 
et al., 
2015

Niu et al., 
2011

Hirst et al., 
2009

Chaudhury 
et al., 
2013

Wong et al., 
2015

Niu et al., 
2007

Selvaraj 
et al., 
2015

He et al., 
2020

ROS: reactive oxygen species; β-CD/CeO2 NP: β-cyclodextrin (β-CD)-modified ceria nanoparticle; IMQ: imiquimod; MTX: methotrexate; 
RA: rheumatoid arthritis;CIA: collagen-induced arthritis; CeNP-CL: ceria nanoparticle (CeNP)-embedded contact lens; DES: dry eye syndrome; 
NF-κB: nuclear factor-κB; ER: endoplasmic reticulum; MCP-1: monocyte chemoattractant protein-1; ZIF-8: zeolitic imidazolate framework-8; 
CeO2@ZIF-8: ZIF-8-capped ceria; MCAO: middle cerebral artery occlusion.
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4 CeO2 NP-induced toxicity 

4.1 Progress in toxicological CeO2 NP research

Nanomaterials are different from general med‐
ical materials. While the special properties of CeO2 
NPs may require new research methods to assess their 
potential hazards, particle toxicology is a mature sci‐
ence (Tentschert et al., 2020). From the perspective of 
toxicology, particle size and surface area are import‑
ant material properties. CeO2 NP toxicity is related to 
the content of surface Ce3+ , and the mechanism of 
toxicity is primarily related to oxidative stress and in‐
flammation. The following sections discuss recent re‐
search progress in the areas of CeO2 NP cytotoxicity, 
genotoxicity, respiratory toxicity, neurotoxicity, and 
hepatotoxicity (Fig. 9). Examples of potential toxicity 
of CeO2 NPs are summarized in Table 3.

4.1.1　Advances in CeO2 NP cytotoxicity

Cytotoxicity is a single cell-killing event caused 
by cellular metabolites or chemicals that does not 
depend on apoptosis or necrosis. In drug screening, 
it is necessary to study the cytotoxicity of each se‐
lected drug. While CeO2 NPs have antioxidant prop‐
erties, different types of CeO2 NPs have variable de‐
grees of cytotoxicity based on their chemical func‐
tionalities, shapes, sizes, aggregation states, and other 
characteristics (Naidi et al., 2021). Our research group 

investigated the cytotoxicity of CeO2 NPs with dif‐
ferent particle sizes (15, 30, and 45 nm) on ARPE-19 
cells and the effects on ROS (Fig. 10a) (Shcherbakov 
et al., 2021). Among the CeO2 NPs with different sizes, 
the 15-nm CeO2 NPs showed the strongest cytotoxicity. 
The toxicity of CeO2 NPs with different morphologies 
in human primary hepatocytes was also studied. The 
results showed that in human hepatocellular carcin‑
oma cells, CeO2 NPs with a smaller specific surface 
area resulted in a greater degree of apoptosis and a 
greater change in mitochondrial membrane potential 
(Gosens et al., 2014). In summary, many techniques 
such as changing the particle size and modifying the 
particle surface can affect the cytotoxicity of CeO2 NPs.

4.1.2　Advances in CeO2 NP genotoxicity

Genotoxicity refers to the extent to which pollut‐
ants can directly or indirectly damage cell DNA and 
produce mutagenic or carcinogenic effects (Wang 
et al., 2011). DNA damage, bone marrow nuclear 
damage, and chromosome damage increase in a dose-
dependent manner after exposure to CeO2 NPs for 
several days (Cocchi et al., 2020). In addition, studies 
of the genotoxicity of CeO2 NPs provide a potential 
way to verify gene damage. When DNA is damaged, 
one of the key effectors activated is p53, a cell sup‐
pressor gene that is described as the “guardian of the 
genome” because it is responsible for blocking the 

Fig. 9  Major mechanisms of ceria nanoparticles (CeO2 NPs) toxicity in mammalian cells. ROS: reactive oxygen species; 
ER: endoplasmic reticulum.
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Table 3  Examples of potential toxicity of ceria nanoparticles (CeO2 NPs)

Proposed mechanism

Cytotoxicity and oxidative 
stress of CeO2 NPs in human 
lung cancer

CeO2 NPs could be used as a 
cytotoxic agent against 
human cancer cell lines

CeO2 NPs significantly inhibit 
photosynthesis of 
cyanobacteria

CeO2 NPs induce injury and 
apoptosis of SMMC-7721 
cells through oxidative stress 
and MAPK signaling 
pathway

Cytotoxicity of BEAS-2B and 
A549 alveolar epithelial cells 
induced by CeO2 NPs

Pulmonary inflammation and 
fibrosis induced by CeO2

Smaller engineered 
nanomaterials are more likely 
to penetrate the blood-brain 
barrier (BBB)

CeO2 NPs can induce excessive 
production of ROS in ARPE-
19 cells, resulting in 
cytotoxicity

Intratracheal instillation of 
CeO2 NPs can result in liver 
damage

Pro-inflammatory (neutrophil 
influx in BALF, CINC1/IL-8, 
and MCP-1) and pro-fibrotic 
responses (M-CSF and 
osteopontin release)

Potential sub-lethal toxicity of 
these compounds, which 
could hamper the fitness of 
the exposed populations

Increased ROS production and 
cellular apoptosis; IL-1, IL-6, 
IL-8, and TNF-α were 
induced

Method

LDH

MTT

Spectrophotometry

MTT

MTT

LDH

BBB integrity 
assessment and 
oxidative stress 
assessment

ATP, LDH, and cell 
proliferation 
assay

A single 
intratracheal 
instillation

LDH

Assessing the 
impact of 
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cell cycle and activating the gene transcription that 
mediates DNA repair, thereby preventing damage from 
transforming into mutations (Hardas et al., 2010). 

Phosphorylation of the p53 gene after CeO2 NP inter‐
nalization confirmed a significant increase in DNA 
oxidative damage (Mittal and Pandey, 2018). Preaubert 
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et al. (2016) demonstrated for the first time that low 
concentrations (0.01 mg/L) of CeO2 NPs affected 
in vitro fertilization in mice and caused significant 
DNA damage to mouse sperm and oocytes (Fig. 10b). 
However, further research on the long term fate and 
adverse effects of CeO2 NPs is warranted.

4.1.3　Advances in CeO2 NP respiratory toxicity

The respiratory system consists of the respiratory 
tract and the lungs, which have many alveoli and 
abundant capillaries. Therefore, pulmonary toxicity is 
relatively common (Xiu et al., 2020). Many studies 
have shown that CeO2 NPs can induce lung inflamma‐
tion and fibrosis. In an experimental investigation of 
pulmonary fibrosis induced by CeO2 NPs, exposure to 
CeO2 NPs increased the expression of transforming 
growth factor-β1 (TGF-β1), and the respiratory toxic‐
ity of CeO2 NPs to mice was related to the size of the 
CeO2 NPs (Fig. 10c) (Lin et al., 2014). Cerium can in‐
duce rare earth pneumoconiosis, granuloma, and inter‐
stitial fibrosis. Once sick, the lung damage will per‐
sist, even if the patient has not been exposed to cerium 
for 20 years (Pauluhn, 2018). Thus, in addition to 
causing acute inflammatory lung injury, CeO2 NPs have 
a sustained effect on chronic lung injury (possibly in‐
cluding fibrosis). Schwotzer et al. (2017) studied the 
effects on the lung of concentrated exposure to CeO2 
NM-212 (0.1, 0.3, 1.0, and 3.0 mg/m3) for 90 d. They 
found that lung load increased with increasing dose 
levels of nanoparticles and continued exposure. CeO2 
NPs can penetrate the alveolar cavity after inhalation, 
and the effect on the respiratory tract manifests mainly 
as inflammation (Landsiedel et al., 2014). Further 

studies are needed of the mechanism in non-overload 
and non-inflammatory conditions.

4.1.4　Advances in CeO2 NP neurotoxicity

Neurotoxicity refers to the toxic effect of nano‑
particles on the structure and function of the nervous 
system. Some studies have shown that nanoparticles 
are more likely to cause brain damage in children and 
the elderly compared to people of other ages. The 
brain injury caused by nanoparticles is related to the 
activity of NO synthetase in neurons, which suggests 
that it is related to the production of NO (Sethi et al., 
2008). In vitro experiments showed that the incuba‐
tion of neurons or glial cells with CeO2 NPs affected 
the cell morphology, activity, cell cycle, and other 
factors (Villa et al., 2020). Gliga et al. (2017) demon‐
strated that CeO2 NPs inhibited NSC differentia‐
tion. Growth cones were smaller and less likely to dis‐
play the typical triangular structure following expo‐
sure of cells to CeO2 (Fig. 10d). These results reveal 
that CeO2 NPs may affect neuronal differentiation, 
suggesting that CeO2 NPs may cause neurotoxic harm 
to development.

4.1.5　Advances in CeO2 NP hepatotoxicity

Hepatotoxicity stems mainly from the interactions 
between exogenous compounds and the liver. CeO2 
NPs can cause genotoxicity, liver dysfunction, and 
DNA cross-linking in hepatoma cells (Kitchin et al., 
2017). In a study of hepatotoxicity based on measure‐
ments of the cerium level in the liver, alanine amino‐
transferase (ALT) and aspartate aminotransferase 
(AST) levels in serum, and triglyceride level in serum, 

Fig. 10  Advances in ceria nanoparticles (CeO2 NP) toxicity. (a) CeO2 NPs induced cytotoxicity in ARPE-19 cells. ARPE-19 
cells were exposed to different concentrations of CeO2 NPs for 24 or 48 h before measurements of adenosine triphosphate 
(ATP) content (1, 2), lactate dehydrogenase (LDH) release (3, 4), and cytotoxicity (5, 6) determined using the 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Reprinted from Ma et al. 
(2021). (b) CeO2 NPs induced genotoxicity in mice. After 1 h in vitro exposure, a low concentration of CeO2 NPs induced 
significant DNA damage in mouse spermatozoa (1) and oocytes (2). Reprinted from Preaubert et al. (2016) by permission of 
Taylor & Francis, Copyright 2015 Informa UK Ltd. (c) CeO2 NPs induced respiratory toxicity in mice. (1) Physicochemical 
characterization of CeO2 nanospheres and nanorods. (2) Acute pulmonary effects of CeO2 NPs in C57BL/6 mice. The 
bronchoalveolar lavage fluid (BALF) was collected to determine neutrophil cell count levels. (3, 4) Sub-chronic 
pulmonary effects of CeO2 NPs at 21 d. BALF was collected to determine transforming growth factor-β1 (TGF-β1) levels 
and total collagen content in lung tissue. Reprinted with the permission from Lin et al. (2014), Copyright 2014 American 
Chemical Society. (d) CeO2 NPs altered the structure of neural growth cones. The structure of the growth cones was 
investigated using super-resolution microscopy. Reprinted from Gliga et al. (2017). (e) The proliferative capacity of 
cells under exposure to titanium dioxide (TiO2) NPs, CeO2 NPs, arsenic (As), and mercury (Hg) for longer periods. 
Surviving factor of HepG2 cells and SH-SY5Y cells 7 d post-exposure to single and binary mixtures of NPs and metals. 
Reprinted from Rosário et al. (2022). OTM: Olive tail moment; L: length; D: diameter; AR: aspect ratio; DI H2O: 
distilled water; DMEM: Dulbecco’s modified Eagle’s medium; pr: protein; Ctrl: control; QTZ: quartz; Sm: samarium; 
NAC: N-acetylcysteine; C−: negative control; C+: positive control; SF: surviving factor. Readers are encouraged to refer to 
the original source for annotations.
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the intratracheal injection of CeO2 NPs in rats led to 
increased hepatocytes, decreased liver weight, ex‐
panded sinusoids, and aggregation of nanoparticles 
(Genchi et al., 2020). Previous studies found that 
cerium can affect the plasma and biochemical indices 
of different tissues in male rabbits and rats (Wu et al., 
2005). The interaction between oxidative stress and 
liver injury may lead to hepatotoxicity, causing the 
loss of liver function (You et al., 2020). Moreover, the 
survival factor of HepG2 cells was lower when treated 
with CeO2 NPs together with titanium dioxide (TiO2) 
NPs than when treated with CeO2 NPs alone (Fig. 10e) 
(Rosário et al., 2022). At present, the mechanisms by 
which CeO2 NPs with different shapes and sizes in‐
duce hepatotoxicity remain unclear.

4.2 Epidemiology of diseases caused by CeO2 NPs

Epidemiology is the study of the distribution and 
influencing factors of diseases. Industrial nanoparticles 
can cause airway inflammation and oxidative stress 
after short-term exposure (Andersen et al., 2019). 
Therefore, when evaluating the effects of engineering 
nanomaterials on human health and environmental 
safety, CeO2 NPs are one of the main materials for 
testing (Giese et al., 2018). Researchers have found 
that airborne particles can cause health problems; for 
example, particles in the air can lead to myocardial in‐
farction, atherosclerosis, cardiovascular and cerebro‐
vascular death, and other cardiovascular diseases, 
with cerebrovascular events being the most serious 
effects (Sepanjnia et al., 2020; Witika et al., 2020). 
Most epidemiological studies have shown that both 
acute and long-term exposures to airborne nanopar‐
ticles with dynamic diameters less than 10 μm have 
adverse effects on the heart and respiratory system 
(Fiordelisi et al., 2017). Occupational epidemiological 
surveys have revealed many adverse effects of CeO2 
NPs on respiratory and non-respiratory health, includ‐
ing bronchitis, pneumonia, iron deposition, metal fume 
fever, systemic inflammation, oxidative stress, immuno‑
suppression, neurological effects, autonomic nervous 
disorders, vascular dysfunction, and atherosclerosis 
(Li et al., 2016).

5 Conclusions and future perspectives 

CeO2 NPs are excellent oxygen buffers that can 
generate oxygen vacancies and scavenge free radicals. 

Many practical synthetic methods have been re‐
ported for CeO2 NPs. CeO2 NPs have a wide range of 
potential applications in the biomedical field, espe‐
cially in the treatment of diseases caused by oxidative 
stress, such as neurodegenerative diseases and retinal 
damage. Toxicology studies have revealed various po‐
tential effects of CeO2 NPs, including pulmonary in‐
flammation, cytotoxicity, genotoxicity, hepatotoxicity, 
and neurotoxicity, but these effects have not been well 
described. Epidemiological studies have demonstrated 
that CeO2 NPs have adverse effects on the respiratory 
tract, including sensory stimulation and airflow restric‐
tion. Therefore, to incorporate CeO2 NPs into thera‐
peutic regimens for human diseases, more in-depth 
studies should be conducted to establish a safe thera‐
peutic window for the drug. In the future, CeO2 NPs 
will become a research field of increasing interest, 
and researchers will conduct pathological and toxi‐
cological studies on CeO2 NPs from the perspective 
of pathogenesis to determine the most suitable types 
of CeO2 NPs for human applications.

Acknowledgments
This work was supported by the National Natural Sci‐

ence Foundation of China (Nos. 32161143035 and 81970826) 
and the Yantai Science and Technology Innovation Develop‐
ment Plan (No. 2022XDRH033), China.

Author contributions
Xiaoxuan FU, Peng LI, and Xi CHEN contributed to the 

conception of the study and manuscript preparation. Yuanyuan 
MA and Rong WANG contributed significantly to the organiza‑
tion of figures. Wenxuan JI, Jiakuo GU, and Bowen SHENG 
contributed significantly to the collection of literature and 
manuscript preparation. Zhuhong ZHANG provided ideas and 
financial support for the review. Yizhou WANG and Zhuhong 
ZHANG helped perform the analysis with constructive dis‐
cussion and provided substantive guidance on the paper’s 
ideas and the entire writing process. All authors have read and 
approved the final manuscript.

Compliance with ethics guidelines
Yizhou WANG is a Young Scientist Committee Member 

for Journal of Zhejiang University-SCIENCE B (Biomedi‐
cine & Biotechnology) and was not involved in the editorial 
review or the decision to publish this article. Xiaoxuan FU, 
Peng LI, Xi CHEN, Yuanyuan MA, Rong WANG, Wenxuan 
JI, Jiakuo GU, Bowen SHENG, Yizhou WANG, and Zhuhong 
ZHANG declare that they have no conflict of interest.

This article does not contain any studies with human or 
animal subjects performed by any of the authors.

380



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388    |

References
Abe H, Mizoguchi H, Eguchi R, et al., 2023. Exploration of 

heterogeneous catalyst for molecular hydrogen ortho-para 
conversion. Exploration, 20230040. 
https://doi.org/10.1002/EXP.20230040

Agi A, Junin R, Arsad A, et al., 2019. Synergy of the flow be‐
haviour and disperse phase of cellulose nanoparticles in 
enhancing oil recovery at reservoir condition. PLoS ONE, 
14(9):e0220778. 
https://doi.org/10.1371/journal.pone.0220778

Alili L, Sack M, von Montfort C, et al., 2013. Downregulation 
of tumor growth and invasion by redox-active nanopar‐
ticles. Antioxid Redox Signal, 19(8):765-778. 
https://doi.org/10.1089/ars.2012.4831

Andersen MHG, Frederiksen M, Saber AT, et al., 2019. Health 
effects of exposure to diesel exhaust in diesel-powered 
trains. Part Fibre Toxicol, 16:21. 
https://doi.org/10.1186/s12989-019-0306-4

Arumugam A, Karthikeyan C, Haja Hameed AS, et al., 2015. 
Synthesis of cerium oxide nanoparticles using Gloriosa 
superba L. leaf extract and their structural, optical and 
antibacterial properties. Mater Sci Eng C, 49:408-415. 
https://doi.org/10.1016/j.msec.2015.01.042

Asgharzadeh F, Hashemzadeh A, Rahmani F, et al., 2021. 
Cerium oxide nanoparticles acts as a novel therapeutic 
agent for ulcerative colitis through anti-oxidative mech‐
anism. Life Sci, 278:119500. 
https://doi.org/10.1016/j.lfs.2021.119500

Badia A, Duarri A, Salas A, et al., 2023. Repeated topical ad‐
ministration of 3 nm cerium oxide nanoparticles reverts 
disease atrophic phenotype and arrests neovascular degen‐
eration in AMD mouse models. ACS Nano, 17(2):910-926.
https://doi.org/10.1021/acsnano.2c05447

Balaji S, Mandal BK, Vinod Kumar Reddy L, et al., 2020. 
Biogenic ceria nanoparticles (CeO2 NPs) for effective 
photocatalytic and cytotoxic activity. Bioengineering, 7(1):
26. 
https://doi.org/10.3390/bioengineering7010026

Bassous NJ, Garcia CB, Webster TJ, 2021. A study of the 
chemistries, growth mechanisms, and antibacterial prop‐
erties of cerium- and yttrium-containing nanoparticles. 
ACS Biomater Sci Eng, 7(5):1787-1807. 
https://doi.org/10.1021/acsbiomaterials.0c00776

Bhagat S, Srikanth Vallabani NV, Shutthanandan V, et al., 
2018. Gold core/ceria shell-based redox active nanozyme 
mimicking the biological multienzyme complex phenom‐
enon. J Colloid Interface Sci, 513:831-842. 
https://doi.org/10.1016/j.jcis.2017.11.064

Bhatti MT, 2006. Retinitis pigmentosa, pigmentary retinopa‐
thies, and neurologic diseases. Curr Neurol Neurosci Rep, 
6(5):403-413. 
https://doi.org/10.1007/s11910-996-0021-z

Biswas S, Dodwadkar NS, Deshpande PP, et al., 2012. Lipo‐
somes loaded with paclitaxel and modified with novel 
triphenylphosphonium-PEG-PE conjugate possess low 
toxicity, target mitochondria and demonstrate enhanced 
antitumor effects in vitro and in vivo. J Control Release, 
159(3):393-402. 
https://doi.org/10.1016/j.jconrel.2012.01.009

Cafun JD, Kvashnina KO, Casals E, et al., 2013. Absence of 
Ce3+ sites in chemically active colloidal ceria nanopar‐
ticles. ACS Nano, 7(12):10726-10732. 
https://doi.org/10.1021/nn403542p

Casals E, Zeng ML, Parra-Robert M, et al., 2020. Cerium 
oxide nanoparticles: advances in biodistribution, toxicity, 
and preclinical exploration. Small, 16(20):1907322. 
https://doi.org/10.1002/smll.201907322

Celardo I, Pedersen JZ, Traversa E, et al., 2011. Pharmacologic‑
al potential of cerium oxide nanoparticles. Nanoscale, 3(4):
1411-1420. 
https://doi.org/10.1039/c0nr00875c

Charbgoo F, Ramezani M, Darroudi M, 2017. Bio-sensing ap‐
plications of cerium oxide nanoparticles: advantages and 
disadvantages. Biosens Bioelectron, 96:33-43. 
https://doi.org/10.1016/j.bios.2017.04.037

Chatzimentor I, Tsamesidis I, Ioannou ME, et al., 2023. Study 
of biological behavior and antimicrobial properties of cer‑
ium oxide nanoparticles. Pharmaceutics, 15(10):2509. 
https://doi.org/10.3390/pharmaceutics15102509

Chaudhury K, Babu KN, Singh AK, et al., 2013. Mitigation 
of endometriosis using regenerative cerium oxide nanopar‐
ticles. Nanomedicine, 9(3):439-448.
https://doi.org/10.1016/j.nano.2012.08.001

Chen BH, Stephen Inbaraj B, 2018. Various physicochemical 
and surface properties controlling the bioactivity of cerium 
oxide nanoparticles. Crit Rev Biotechnol, 38(7):1003-1024.
https://doi.org/10.1080/07388551.2018.1426555

Chen HQ, Zhao RF, Wang B, et al., 2018. Acute oral adminis‐
tration of single-walled carbon nanotubes increases intes‐
tinal permeability and inflammatory responses: associ‐
ation with the changes in gut microbiota in mice. Adv 
Healthc Mater, 7(13):1701313. 
https://doi.org/10.1002/adhm.201701313

Cheng GL, Guo W, Han L, et al., 2013. Cerium oxide nanopar‐
ticles induce cytotoxicity in human hepatoma SMMC-7721 
cells via oxidative stress and the activation of MAPK 
signaling pathways. Toxicol in Vitro, 27(3):1082-1088. 
https://doi.org/10.1016/j.tiv.2013.02.005

Choi JH, Lee H, Lee H, et al., 2021. Dopant-dependent toxicity 
of CeO2 nanoparticles is associated with dynamic changes 
in H3K4me3 and H3K27me3 and transcriptional acti‐
vation of NRF2 gene in HaCaT human keratinocytes. Int 
J Mol Sci, 22(6):3087. 
https://doi.org/10.3390/ijms22063087

Choi SW, Cha BG, Kim J, 2020. Therapeutic contact lens for 
scavenging excessive reactive oxygen species on the ocu‑
lar surface. ACS Nano, 14(2):2483-2496. 
https://doi.org/10.1021/acsnano.9b10145

Cocchi V, Gasperini S, Hrelia P, et al., 2020. Novel psycho‐
active phenethylamines: impact on genetic material. Int 
J Mol Sci, 21(24):9616. 
https://doi.org/10.3390/ijms21249616

Conesa J, 1995. Computer modeling of surfaces and defects 
on cerium dioxide. Surf Sci, 339(3):337-352. 
https://doi.org/10.1016/0039-6028(95)00595-1

Corma A, Atienzar P, García H, et al., 2004. Hierarchically 
mesostructured doped CeO2 with potential for solar-cell 
use. Nat Mater, 3(6):394-397. 

381



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388

https://doi.org/10.1038/nmat1129
Cui W, Wang Y, Luo C, et al., 2022. Nanoceria for ocular 

diseases: recent advances and future prospects. Materi 
Today Nano, 18:100218. 
https://doi.org/10.1016/j.mtnano.2022.100218

Darroudi M, Sarani M, Kazemi Oskuee R, et al., 2014a. Green 
synthesis and evaluation of metabolic activity of starch 
mediated nanoceria. Ceram Int, 40(1):2041-2045. 
https://doi.org/10.1016/j.ceramint.2013.07.116

Darroudi M, Hoseini SJ, Kazemi Oskuee R, et al., 2014b. 
Food-directed synthesis of cerium oxide nanoparticles and 
their neurotoxicity effects. Ceram Int, 40(5):7425-7430.
https://doi.org/10.1016/j.ceramint.2013.12.089

Das M, Patil S, Bhargava N, et al., 2007. Auto-catalytic ceria 
nanoparticles offer neuroprotection to adult rat spinal 
cord neurons. Biomaterials, 28(10):1918-1925. 
https://doi.org/10.1016/j.biomaterials.2006.11.036

Das S, Dowding JM, Klump KE, et al., 2013. Cerium oxide 
nanoparticles: applications and prospects in nanomedicine. 
Nanomedicine (Lond), 8(9):1483-1508. 
https://doi.org/10.2217/nnm.13.133

Diabaté S, Armand L, Murugadoss S, et al., 2020. Air–liquid 
interface exposure of lung epithelial cells to low doses 
of nanoparticles to assess pulmonary adverse effects. 
Nanomaterials, 11(1):65. 
https://doi.org/10.3390/nano11010065

Dowding JM, Das S, Kumar A, et al., 2013. Cellular interac‐
tion and toxicity depend on physicochemical properties 
and surface modification of redox-active nanomaterials. 
ACS Nano, 7(6):4855-4868. 
https://doi.org/10.1021/nn305872d

Duan HH, Wang DS, Li YD, 2015. Green chemistry for 
nanoparticle synthesis. Chem Soc Rev, 44(16):5778-5792.
https://doi.org/10.1039/C4CS00363B

Duan Y, Liang L, Ye FG, et al., 2023. A Ce-MOF@polydopa‐
mine composite nanozyme as an efficient scavenger for 
reactive oxygen species and iron in thalassemia disease 
therapy. Nanoscale, 15(33):13574-13582. 
https://doi.org/10.1039/d3nr01971c

Elahi B, Mirzaee M, Darroudi M, et al., 2019. Preparation of 
cerium oxide nanoparticles in Salvia macrosiphon Boiss 
seeds extract and investigation of their photo-catalytic 
activities. Ceram Int, 45(4):4790-4797. 
https://doi.org/10.1016/j.ceramint.2018.11.173

Estevez AY, Pritchard S, Harper K, et al., 2011. Neuroprotect‑
ive mechanisms of cerium oxide nanoparticles in a mouse 
hippocampal brain slice model of ischemia. Free Radic 
Biol Med, 51(6):1155-1163. 
https://doi.org/10.1016/j.freeradbiomed.2011.06.006

Fabiano B, Reverberi AP, Varbanov PS, 2019. Safety opportun‑
ities for the synthesis of metal nanoparticles and short-
cut approach to workplace risk evaluation. J Clean Prod, 
209:297-308. 
https://doi.org/10.1016/j.jclepro.2018.10.161

Feng KJ, Yang YH, Wang ZJ, et al., 2006. A nano-porous 
CeO2/Chitosan composite film as the immobilization mat‑
rix for colorectal cancer DNA sequence-selective electro‐
chemical biosensor. Talanta, 70(3):561-565. 
https://doi.org/10.1016/j.talanta.2006.01.009

Fiorani L, Passacantando M, Santucci S, et al., 2015. Cerium 
oxide nanoparticles reduce microglial activation and 
neurodegenerative events in light damaged retina. PLoS 
ONE, 10(10):e0140387. 
https://doi.org/10.1371/journal.pone.0140387

Fiordelisi A, Piscitelli P, Trimarco B, et al., 2017. The mech‐
anisms of air pollution and particulate matter in cardio‐
vascular diseases. Heart Fail Rev, 22(3):337-347. 
https://doi.org/10.1007/s10741-017-9606-7

Fisher TJ, Zhou YY, Wu TS, et al., 2019. Structure–activity re‐
lationship of nanostructured ceria for the catalytic gener‐
ation of hydroxyl radicals. Nanoscale, 11(10):4552-4561.
https://doi.org/10.1039/c8nr09393h

Genchi G, Sinicropi MS, Lauria G, et al., 2020. The effects of 
cadmium toxicity. Int J Environ Res Public Health, 17(11):
3782. 
https://doi.org/10.3390/ijerph17113782

Genchi GG, Degl'Innocenti A, Salgarella AR, et al., 2018. 
Modulation of gene expression in rat muscle cells follow‐
ing treatment with nanoceria in different gravity regimes. 
Nanomedicine (Lond), 13(22):2821-2833. 
https://doi.org/10.2217/nnm-2018-0316

Genchi GG, Degl'Innocenti A, Martinelli C, et al., 2021. Cer‑
ium oxide nanoparticle administration to skeletal muscle 
cells under different gravity and radiation conditions. ACS 
Appl Mater Interfaces, 13(34):40200-40213. 
https://doi.org/10.1021/acsami.1c14176

Giese B, Klaessig F, Park B, et al., 2018. Risks, release and 
concentrations of engineered nanomaterial in the envir‑
onment. Sci Rep, 8:1565. 
https://doi.org/10.1038/s41598-018-19275-4

Gliga AR, Edoff K, Caputo F, et al., 2017. Cerium oxide 
nanoparticles inhibit differentiation of neural stem cells. 
Sci Rep, 7:9284. 
https://doi.org/10.1038/s41598-017-09430-8

Gopinath K, Karthika V, Sundaravadivelan C, et al., 2015. 
Mycogenesis of cerium oxide nanoparticles using Asper‐
gillus niger culture filtrate and their applications for anti‐
bacterial and larvicidal activities. J Nanostruct Chem, 5(3):
295-303. 
https://doi.org/10.1007/s40097-015-0161-2

Gosens I, Mathijssen LEAM, Bokkers BGH, et al., 2014. 
Comparative hazard identification of nano- and micro-
sized cerium oxide particles based on 28-day inhalation 
studies in rats. Nanotoxicology, 8(6):643-653. 
https://doi.org/10.3109/17435390.2013.815814

Guo LM, Li Z, Marcus K, et al., 2017. Periodically patterned 
Au-TiO2 heterostructures for photoelectrochemical sen‐
sor. ACS Sens, 2(5):621-625. 
https://doi.org/10.1021/acssensors.7b00251

Hardas SS, Butterfield DA, Sultana R, et al., 2010. Brain dis‐
tribution and toxicological evaluation of a systemically 
delivered engineered nanoscale ceria. Toxicol Sci, 116(2):
562-576. 
https://doi.org/10.1093/toxsci/kfq137

Hasanzadeh L, Kazemi Oskuee R, Sadri K, et al., 2018. 
Green synthesis of labeled CeO2 nanoparticles with 99mTc 
and its biodistribution evaluation in mice. Life Sci, 212:
233-240. 

382



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388    |

https://doi.org/10.1016/j.lfs.2018.10.010
Hassanpour M, Salavati-Niasari M, Safardoust-Hojaghan H, 

2021. Sol-gel synthesis and characterization of Co3O4/CeO2 
nanocomposites and its application for photocatalytic 
discoloration of organic dye from aqueous solutions. En‐
viron Sci Pollut Res, 28(6):7001-7015. 
https://doi.org/10.1007/s11356-020-11040-3

He LZ, Huang GN, Liu HX, et al., 2020. Highly bioactive ze‐
olitic imidazolate framework-8-capped nanotherapeutics 
for efficient reversal of reperfusion-induced injury in 
ischemic stroke. Sci Adv, 6(12):eaay9751. 
https://doi.org/10.1126/sciadv.aay9751

Heckert EG, Seal S, Self WT, 2008. Fenton-like reaction cata‐
lyzed by the rare earth inner transition metal cerium. En‐
viron Sci Technol, 42(13):5014-5019. 
https://doi.org/10.1021/es8001508

Hegazy MA, Maklad HM, Samy DM, et al., 2017. Cerium 
oxide nanoparticles could ameliorate behavioral and neuro‐
chemical impairments in 6-hydroxydopamine induced 
Parkinson’s disease in rats. Neurochem Int, 108:361-371.
https://doi.org/10.1016/j.neuint.2017.05.011

Hirst SM, Karakoti AS, Tyler RD, et al., 2009. Anti-
inflammatory properties of cerium oxide nanoparticles. 
Small, 5(24):2848-2856. 
https://doi.org/10.1002/smll.200901048

Hirst SM, Karakoti A, Singh S, et al., 2013. Bio-distribution 
and in vivo antioxidant effects of cerium oxide nanopar‐
ticles in mice. Environ Toxicol, 28(2):107-118. 
https://doi.org/10.1002/tox.20704

Hu FX, Chen SH, Wang CY, et al., 2012. Multi-wall carbon 
nanotube-polyaniline biosensor based on lectin-carbohydrate 
affinity for ultrasensitive detection of Con A. Biosens Bio‐
electron, 34(1):202-207. 
https://doi.org/10.1016/j.bios.2012.02.003

Ji HI, Davenport TC, Gopal CB, et al., 2016. Extreme high 
temperature redox kinetics in ceria: exploration of the tran‐
sition from gas-phase to material-kinetic limitations. Phys 
Chem Chem Phys, 18(31):21554-21561. 
https://doi.org/10.1039/c6cp01935h

Joorabloo A, Liu TQ, 2024. Recent advances in reactive oxygen 
species scavenging nanomaterials for wound healing. Ex‐
ploration, 20230066. 
https://doi.org/10.1002/EXP.20230066

Kalashnikova I, Chung SJ, Nafiujjaman M, et al., 2020. Ceria-
based nanotheranostic agent for rheumatoid arthritis. Ther‐
anostics, 10(26):11863-11880. 
https://doi.org/10.7150/thno.49069

Kannan SK, Sundrarajan M, 2014. A green approach for the 
synthesis of a cerium oxide nanoparticle: characterization 
and antibacterial activity. Int J Nanosci, 13(3):1450018. 
https://doi.org/10.1142/S0219581X14500185

Kargar H, Ghazavi H, Darroudi M, 2015. Size-controlled and 
bio-directed synthesis of ceria nanopowders and their 
in vitro cytotoxicity effects. Ceram Int, 41(3):4123-4128.
https://doi.org/10.1016/j.ceramint.2014.11.108

Karimi A, Othman A, Andreescu S, 2016. Portable enzyme-
paper biosensors based on redox-active CeO2 nanoparti‐
cles. Methods Enzymol, 571:177-195. 
https://doi.org/10.1016/bs.mie.2016.03.006

Khan F, Lee JW, Pham DNT, et al., 2020. Antibiofilm action 
of ZnO, SnO2 and CeO2 nanoparticles towards gramposi‐
tive biofilm forming pathogenic bacteria. Recent Pat 
Nanotechnol, 14(3):239-249. 
https://doi.org/10.2174/1872210514666200313121953

Khan SA, Ahmad A, 2013. Fungus mediated synthesis of bio‐
medically important cerium oxide nanoparticles. Mater 
Res Bull, 48(10):4134-4138. 
https://doi.org/10.1016/j.materresbull.2013.06.038

Khatami M, Sarani M, Mosazadeh F, et al., 2019. Nickel-
doped cerium oxide nanoparticles: green synthesis using 
stevia and protective effect against harmful ultraviolet 
rays. Molecules, 24(24):4424. 
https://doi.org/10.3390/molecules24244424

Kieffer J, Singh S, Dhillon BS, et al., 2020. Ceria nanoparti‐
cles mitigate the iron oxidative toxicity of human retinal 
pigment epithelium. Cureus, 12(8):e9675. 
https://doi.org/10.7759/cureus.9675

Kim CK, Kim T, Choi IY, et al., 2012. Ceria nanoparticles 
that can protect against ischemic stroke. Angew Chem Int 
Ed, 51(44):11039-11043. 
https://doi.org/10.1002/anie.201203780

Kim M, Park G, Lee H, 2021. Local structure and redox prop‐
erties of amorphous CeO2-TiO2 prepared using the H2O2-
modified sol-gel method. Nanomaterials, 11(8):2148. 
https://doi.org/10.3390/nano11082148

Kitchin KT, Stirdivant S, Robinette BL, et al., 2017. Metabo‐
lomic effects of CeO2, SiO2 and CuO metal oxide nano‐
materials on HepG2 cells. Part Fibre Toxicol, 14:50. 
https://doi.org/10.1186/s12989-017-0230-4

Kolli MB, Manne NDPK, Para R, et al., 2014. Cerium oxide 
nanoparticlesattenuate monocrotaline induced right ven‐
tricular hypertrophy following pulmonary arterial hyper‐
tension. Biomaterials, 35(37):9951-9962. 
https://doi.org/10.1016/j.biomaterials.2014.08.037

Kong T, Zhang SH, Zhang C, et al., 2020. The effects of 50 nm 
unmodified nano-ZnO on lipid metabolism and semen 
quality in male mice. Biol Trace Elem Res, 194(2):432-442.
https://doi.org/10.1007/s12011-019-01792-6

Koo S, Sohn HS, Kim TH, et al., 2023. Ceria-vesicle nanohy‐
brid therapeutic for modulation of innate and adaptive 
immunity in a collagen-induced arthritis model. Nat Nan‐
otechnol, 18(12):1502-1514. 
https://doi.org/10.1038/s41565-023-01523-y

Korschelt K, Schwidetzky R, Pfitzner F, et al., 2018. CeO2-x 
nanorods with intrinsic urease-like activity. Nanoscale, 
10(27):13074-13082. 
https://doi.org/10.1039/c8nr03556c

Kuznetsov D, Dezhurov S, Krylsky D, et al., 2022. Use of 
folic acid nanosensors with excellent photostability for 
hybrid imaging. J Zhejiang Univ-Sci B (Biomed & Biotech‐
nol), 23(9):784-790. 
https://doi.org/10.1631/jzus.B2200107

Landsiedel R, Ma-Hock L, Hofmann T, et al., 2014. Applica‐
tion of short-term inhalation studies to assess the inhal‑
ation toxicity of nanomaterials. Part Fibre Toxicol, 11:16.
https://doi.org/10.1186/1743-8977-11-16

Laria A, Lurati AM, Marrazza M, et al., 2016. The macro‐
phages in rheumatic diseases. J Inflamm Res, 9:1-11. 

383



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388

https://doi.org/10.2147/jir.S82320
Li HL, Wu CY, Li Y, et al., 2012. Role of flue gas compon‑

ents in mercury oxidation over TiO2 supported MnOx-CeO2 
mixed-oxide at low temperature. J Hazard Mater, 243:
117-123. 
https://doi.org/10.1016/j.jhazmat.2012.10.007

Li X, Han ZH, Wang TY, et al., 2022. Cerium oxide nanopar‐
ticles with antioxidative neurorestoration for ischemic 
stroke. Biomaterials, 291:121904. 
https://doi.org/10.1016/j.biomaterials.2022.121904

Li Y, Li P, Yu H, et al., 2016. Recent advances (2010–2015) 
in studies of cerium oxide nanoparticles’ health effects. 
Environ Toxicol Pharmacol, 44:25-29. 
https://doi.org/10.1016/j.etap.2016.04.004

Li YB, Zeng SJ, Hao JH, 2019. Non-invasive optical guided 
tumor metastasis/vessel imaging by using lanthanide 
nanoprobe with enhanced down-shifting emission be‐
yond 1500 nm. ACS Nano, 13(1):248-259. 
https://doi.org/10.1021/acsnano.8b05431

Li YH, Liu JH, Fu CC, et al., 2022. CeO2 nanoparticles modu‐
late Cu–Zn superoxide dismutase and lipoxygenase-IV 
isozyme activities to alleviate membrane oxidative dam‐
age to improve rapeseed salt tolerance. Environ Sci Nano, 
9(3):1116-1132. 
https://doi.org/10.1039/d1en00845e

Lin SJ, Wang X, Ji ZX, et al., 2014. Aspect ratio plays a role 
in the hazard potential of CeO2 nanoparticles in mouse 
lung and zebrafish gastrointestinal tract. ACS Nano, 8(5):
4450-4464. 
https://doi.org/10.1021/nn5012754

Lin WS, Huang YW, Zhou XD, et al., 2006. Toxicity of cerium 
oxide nanoparticles in human lung cancer cells. Int J 
Toxicol, 25(6):451-457. 
https://doi.org/10.1080/10915810600959543

Liu D, Lu G, Shi B, et al., 2023. ROS-scavenging hydrogels 
synergize with neural stem cells to enhance spinal cord 
injury repair via regulating microenvironment and facili‐
tating nerve regeneration. Adv Healthc Mater, 12:2300123. 
https://doi.org/10.1002/adhm.202300123

Liu JJ, Chen YL, Wang WF, et al., 2016. “Switch-on” fluores‐
cent sensing of ascorbic acid in food samples based on 
carbon quantum dots–MnO2 probe. J Agric Food Chem, 
64(1):371-380. 
https://doi.org/10.1021/acs.jafc.5b05726

Liu XN, Lu QF, Wei MZ, et al., 2015. Facile electrospinning 
of CeO2/Bi2WO6 heterostructured nanofibers with excel‐
lent visible-light-driven photocatalytic performance. Chem-
Asian J, 10(8):1710-1716. 
https://doi.org/10.1002/asia.201500262

Liu XY, Chen ZX, Bai JY, et al., 2023. Multifunctional hydro‐
gel eye drops for synergistic treatment of ocular inflam‐
matory disease. ACS Nano, 17(24):25377-25390. 
https://doi.org/10.1021/acsnano.3c08869

Lu HB, Wan L, Li XL, et al., 2022. Combined synthesis of cer‑
ium oxide particles for effective anti-bacterial and anti-
cancer nanotherapeutics. Int J Nanomedicine, 17:5733-
5746. 
https://doi.org/10.2147/ijn.S379689

Lu JQ, Liu JY, Li A, 2022. Roles of neutrophil reactive oxygen 

species (ROS) generation in organ function impairment 
in sepsis. J Zhejiang Univ-Sci B (Biomed & Biotechnol), 
23(6):437-450.  
https://doi.org/10.1631/jzus.B2101075

Ma YY, Li P, Zhao LE, et al., 2021. Size-dependent cytotoxicity 
and reactive oxygen species of cerium oxide nanoparticles 
in human retinal pigment epithelia cells. Int J Nanomedi‐
cine, 16:5333-5341. 
https://doi.org/10.2147/IJN.S305676

Machhi J, Yeapuri P, Markovic M, et al., 2022. Europium-
doped cerium oxide nanoparticles for microglial amyloid 
beta clearance and homeostasis. ACS Chem Neurosci, 
13(8):1232-1244. 
https://doi.org/10.1021/acschemneuro.1c00847

Mai HX, Sun LD, Zhang YW, et al., 2005. Shape-selective 
synthesis and oxygen storage behavior of ceria nanopoly‐
hedra, nanorods, and nanocubes. J Phys Chem B, 109(51):
24380-24385. 
https://doi.org/10.1021/jp055584b

Malleshappa J, Nagabhushana H, Sharma SC, et al., 2015. 
Leucas aspera mediated multifunctional CeO2 nanopar‐
ticles: structural, photoluminescent, photocatalytic and anti‐
bacterial properties. Spectrochim Acta Part A Mol Biomol 
Spectrosc, 149:452-462. 
https://doi.org/10.1016/j.saa.2015.04.073

Marino A, Tonda-Turo C, de Pasquale D, et al., 2017. Gelatin/
nanoceria nanocomposite fibers as antioxidant scaffolds 
for neuronal regeneration. Biochim Biophys Acta (BBA)-
Gen Subj, 1861(2):386-395. 
https://doi.org/10.1016/j.bbagen.2016.11.022

Martínez-Arias A, Fernández-García M, Belver C, et al., 
2000. EPR study on oxygen handling properties of ceria, 
zirconia and Zr–Ce (1:1) mixed oxide samples. Catal 
Lett, 65(4):197-204. 
https://doi.org/10.1023/A:1019089910238

Maskrey BH, Megson IL, Whitfield PD, et al., 2011. Mechan‑
isms of resolution of inflammation: a focus on cardiovas‐
cular disease. Arterioscler Thromb Vasc Biol, 31(5):1001-
1006. 
https://doi.org/10.1161/ATVBAHA.110.213850

Meng TJ, Nsabimana A, Zeng T, et al., 2020. Preparation of 
Pt anchored on cerium oxide and ordered mesoporous 
carbon tri-component composite for electrocatalytic oxi‐
dation of adrenaline. Mater Sci Eng: C, 110:110747. 
https://doi.org/10.1016/j.msec.2020.110747

Mittal S, Pandey AK, 2018. Corrigendum to “cerium oxide 
nanoparticles induced toxicity in human lung cells: role 
of ROS mediated DNA damage and apoptosis”. Biomed 
Res Int, 2018:6349540. 
https://doi.org/10.1155/2018/6349540

Mohammad, Khan UA, Warsi MH, et al., 2023. Intranasal cer‑
ium oxide nanoparticles improves locomotor activity 
and reduces oxidative stress and neuroinflammation in 
haloperidol-induced parkinsonism in rats. Front Pharma‐
col, 14:1188470. 
https://doi.org/10.3389/fphar.2023.1188470

Mollarasouli F, Zor E, Ozcelikay G, et al., 2021. Magnetic 
nanoparticles in developing electrochemical sensors for 
pharmaceutical and biomedical applications. Talanta, 226:

384



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388    |

122108. 
https://doi.org/10.1016/j.talanta.2021.122108

Nadeem M, Khan R, Afridi K, et al., 2020. Green synthesis of 
cerium oxide nanoparticles (CeO2 NPs) and their anti‐
microbial applications: a review. Int J Nanomedicine, 15:
5951-5961. 
https://doi.org/10.2147/ijn.S255784

Naidi SN, Harunsani MH, Tan AL, et al., 2021. Green-synthesized 
CeO2 nanoparticles for photocatalytic, antimicrobial, anti‐
oxidant and cytotoxicity activities. J Mater Chem B, 9(28):
5599-5620. 
https://doi.org/10.1039/d1tb00248a

Nakamura S, Ishihara M, Sato Y, et al., 2020. Concentrated 
bioshell calcium oxide (BiSCaO) water kills pathogenic 
microbes: characterization and activity. Molecules, 25(13):
3001. 
https://doi.org/10.3390/molecules25133001

Nalabotu SK, Kolli MB, Triest WE, et al., 2011. Intratracheal 
instillation of cerium oxide nanoparticles induces hepatic 
toxicity in male Sprague-Dawley rats. Int J Nanomedi‐
cine, 6:2327-2335. 
https://doi.org/10.2147/IJN.S25119

Nefedova A, Rausalu K, Zusinaite E, et al., 2022. Antiviral 
efficacy of cerium oxide nanoparticles. Sci Rep, 12:18746. 
https://doi.org/10.1038/s41598-022-23465-6

Nelson BC, Johnson ME, Walker ML, et al., 2016. Antioxi‐
dant cerium oxide nanoparticles in biology and medi‐
cine. Antioxidants, 5(2):15. 
https://doi.org/10.3390/antiox5020015

Nemmar A, Al-Salam S, Nuaman SA, et al., 2021. Exacerba‐
tion of coagulation and cardiac injury in rats with cisplatin-
induced nephrotoxicity following intratracheal instilla‐
tion of cerium oxide nanoparticles. Cell Physiol Biochem, 
55(1):1-16. 
https://doi.org/10.33594/000000323

Ni DL, Wei H, Chen WY, et al., 2019. Ceria nanoparticles 
meet hepatic ischemia-reperfusion injury: the perfect im‐
perfection. Adv Mater, 31(40):1902956. 
https://doi.org/10.1002/adma.201902956

Niu JL, Azfer A, Rogers LM, et al., 2007. Cardioprotective 
effects of cerium oxide nanoparticles in a transgenic mu‐
rine model of cardiomyopathy. Cardiovasc Res, 73(3):
549-559. 
https://doi.org/10.1016/j.cardiores.2006.11.031

Niu JL, Wang KK, Kolattukudy PE, 2011. Cerium oxide 
nanoparticles inhibits oxidative stress and nuclear factor-
κB activation in H9c2 cardiomyocytes exposed to ciga‐
rette smoke extract. J Pharmacol Exp Ther, 338(1):53-61.
https://doi.org/10.1124/jpet.111.179978

Nyoka M, Choonara YE, Kumar P, et al., 2020. Synthesis of 
cerium oxide nanoparticles using various methods: impli‐
cations for biomedical applications. Nanomaterials, 10(2):
242. 
https://doi.org/10.3390/nano10020242

Ouyang XL, Tang L, Feng CY, et al., 2020. Au/CeO2/g-C3N4 
heterostructures: designing a self-powered aptasensor for 
ultrasensitive detection of Microcystin-LR by density 
functional theory. Biosens Bioelectron, 164:112328. 

https://doi.org/10.1016/j.bios.2020.112328
Parsaei R, Kazemzadeh Y, Riazi M, 2020. Study of asphal‐

tene precipitation during CO2 injection into oil reservoirs 
in the presence of iron oxide nanoparticles by interfacial 
tension and bond number measurements. ACS Omega, 
5(14):7877-7884. 
https://doi.org/10.1021/acsomega.9b04090

Patil D, Dung NQ, Jung H, et al., 2012. Enzymatic glucose 
biosensor based on CeO2 nanorods synthesized by non-
isothermal precipitation. Biosens Bioelectron, 31(1):
176-181.
https://doi.org/10.1016/j.bios.2011.10.013

Pauluhn J, 2018. Fate of inhaled nano-CeO2 revisited: predict‐
ing the unpredictable. Regul Toxicol Pharmacol, 97:63-
70. 
https://doi.org/10.1016/j.yrtph.2018.06.005

Pemartin-Biernath K, Vela-González AV, Moreno-Trejo MB, 
et al., 2016. Synthesis of mixed Cu/Ce oxide nanopar‐
ticles by the oil-in-water microemulsion reaction method. 
Materials, 9(6):480. 
https://doi.org/10.3390/ma9060480

Pirmohamed T, Dowding JM, Singh S, et al., 2010. Nanoceria 
exhibit redox state-dependent catalase mimetic activity. 
Chem Commun, 46(16):2736-2738. 
https://doi.org/10.1039/b922024k

Popov AL, Popova NR, Selezneva II, et al., 2016. Cerium oxide 
nanoparticles stimulate proliferation of primary mouse 
embryonic fibroblasts in vitro. Mater Sci Eng C, 68:406-
413. 
https://doi.org/10.1016/j.msec.2016.05.103

Pranti AS, Loof D, Kunz S, et al., 2019. Ligand-linked 
nanoparticles-based hydrogen gas sensor with excellent 
homogeneous temperature field and a comparative stabil‐
ity evaluation of different ligand-linked catalysts. Sensors, 
19(5):1205. 
https://doi.org/10.3390/s19051205

Preaubert L, Courbiere B, Achard V, et al., 2016. Cerium di‐
oxide nanoparticles affect in vitro fertilization in mice. 
Nanotoxicology, 10(1):111-117. 
https://doi.org/10.3109/17435390.2015.1030792

Qian XC, Qu Q, Li L, et al., 2018. Ultrasensitive electrochem‐
ical detection of Clostridium perfringens DNA based 
morphology-dependent DNA adsorption properties of CeO2 
nanorods in dairy products. Sensors, 18(6):1878. 
https://doi.org/10.3390/s18061878

Raemy DO, Limbach LK, Rothen-Rutishauser B, et al., 2011. 
Cerium oxide nanoparticle uptake kinetics from the gas-
phase into lung cells in vitro is transport limited. Eur J 
Pharm Biopharm, 77(3):368-375. 
https://doi.org/10.1016/j.ejpb.2010.11.017

Rajan AR, Rajan A, John A, et al., 2019. Green synthesis of 
CeO2 nanostructures by using Morus nigra fruit extract and 
its antidiabetic activity. AIP Conf Proc, 2105(1):020008. 
https://doi.org/10.1063/1.5100693

Rajendran S, Khan MM, Gracia F, et al., 2016. Ce3+-ion-
induced visible-light photocatalytic degradation and elec‐
trochemical activity of ZnO/CeO2 nanocomposite. Sci 
Rep, 6:31641. 

385



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388

https://doi.org/10.1038/srep31641
Ren SS, Zhou Y, Zheng K, et al., 2022. Cerium oxide nanopar‐

ticles loaded nanofibrous membranes promote bone regen‐
eration for periodontal tissue engineering. Bioact Mater, 
7:242-253. 
https://doi.org/10.1016/j.bioactmat.2021.05.037

Robb MA, McInnes PM, Califf RM, 2016. Biomarkers and 
surrogate endpoints: developing common terminology and 
definitions. JAMA, 315(11):1107-1108. 
https://doi.org/10.1001/jama.2016.2240

Rodea-Palomares I, Gonzalo S, Santiago-Morales J, et al., 
2012. An insight into the mechanisms of nanoceria toxic‐
ity in aquatic photosynthetic organisms. Aquat Toxicol, 122-
123:133-143. 
https://doi.org/10.1016/j.aquatox.2012.06.005

Rosário F, Costa C, Lopes CB, et al., 2022. In vitro hepatotoxic 
and neurotoxic effects of titanium and cerium dioxide 
nanoparticles, arsenic and mercury co-exposure. Int J 
Mol Sci, 23(5):2737. 
https://doi.org/10.3390/ijms23052737

Rzigalinski BA, Meehan K, Davis RM, et al., 2006. Radical 
nanomedicine. Nanomedicine (Lond), 1(4):399-412. 
https://doi.org/10.2217/17435889.1.4.399

Rzigalinski BA, Seal S, Bailey D, et al., 2009. Cerium Oxide 
Nanoparticles and Use in Enhancing Cell Survivability. 
US Patent 7534453.

Sack M, Alili L, Karaman E, et al., 2014. Combination of con‐
ventional chemotherapeutics with redox-active cerium 
oxide nanoparticles—a novel aspect in cancer therapy. 
Mol Cancer Ther, 13(7):1740-1749. 
https://doi.org/10.1158/1535-7163.MCT-13-0950

Sakthiraj K, Karthikeyan B, 2020. Synthesis and characteriza‐
tion of cerium oxide nanoparticles using different sol‐
vents for electrochemical applications. Appl Phys A, 126:
52. 
https://doi.org/10.1007/s00339-019-3227-z

Sangsefidi FS, Nejati M, Verdi J, et al., 2017. Green synthesis 
and characterization of cerium oxide nanostructures in 
the presence carbohydrate sugars as a capping agent and 
investigation of their cytotoxicity on the mesenchymal 
stem cell. J Cleaner Prod, 156:741-749. 
https://doi.org/10.1016/j.jclepro.2017.04.114

Sarnatskaya V, Shlapa Y, Yushko L, et al., 2020. Biological 
activity of cerium dioxide nanoparticles. J Biomed Mater 
Res Part A, 108(8):1703-1712. 
https://doi.org/10.1002/jbm.a.36936

Sauer UG, Vogel S, Aumann A, et al., 2014. Applicability of 
rat precision-cut lung slices in evaluating nanomaterial 
cytotoxicity, apoptosis, oxidative stress, and inflamma‐
tion. Toxicol Appl Pharmacol, 276(1):1-20. 
https://doi.org/10.1016/j.taap.2013.12.017

Sayle DC, Maicaneanu SA, Watson GW, 2002. Atomistic 
models for CeO2(111), (110), and (100) nanoparticles, 
supported on yttrium-stabilized zirconia. J Am Chem Soc, 
124(38):11429-11439. 
https://doi.org/10.1021/ja020657f

Sayle TXT, Parker SC, Sayle DC, 2004. Shape of CeO2 
nanoparticles using simulated amorphisation and recryst‐
allisation. Chem Commun, (21):2438-2439. 

https://doi.org/10.1039/b408752f
Schreiber A, Marx J, Zapp P, 2021. Life Cycle Assessment studies 

of rare earths production – findings from a systematic 
review. Sci Total Environ, 791:148257. 
https://doi.org/10.1016/j.scitotenv.2021.148257

Schubert D, Dargusch R, Raitano J, et al., 2006. Cerium and 
yttrium oxide nanoparticles are neuroprotective. Biochem 
Biophys Res Commun, 342(1):86-91. 
https://doi.org/10.1016/j.bbrc.2006.01.129

Schwotzer D, Ernst H, Schaudien D, et al., 2017. Effects from 
a 90-day inhalation toxicity study with cerium oxide and 
barium sulfate nanoparticles in rats. Part Fibre Toxicol, 
14:23. 
https://doi.org/10.1186/s12989-017-0204-6

Scutiero G, Iannone P, Bernardi G, et al., 2017. Oxidative 
stress and endometriosis: a systematic review of the litera‑
ture. Oxid Med Cell Longev, 2017:7265238. 
https://doi.org/10.1155/2017/7265238

Selvaraj V, Manne NDPK, Arvapalli R, et al., 2015. Effect of 
cerium oxide nanoparticles on sepsis induced mortality 
and NF-κB signaling in cultured macrophages. Nano‐
medicine (Lond), 10(8):1275-1288. 
https://doi.org/10.2217/nnm.14.205

Sepanjnia A, Ghasemi H, Mohseni R, et al., 2020. Effect of 
cerium oxide nanoparticles on oxidative stress biomark‐
ers in rats’ kidney, lung, and serum. Iran Biomed J, 24(4):
251-256. 
https://doi.org/10.29252/ibj.24.4.251

Sethi P, Jyoti A, Singh R, et al., 2008. Aluminium-induced 
electrophysiological, biochemical and cognitive modifi‐
cations in the hippocampus of aging rats. NeuroToxicology, 
29(6):1069-1079. 
https://doi.org/10.1016/j.neuro.2008.08.005

Shcherbakov AB, Reukov VV, Yakimansky AV, et al., 2021. 
CeO2 nanoparticle-containing polymers for biomedical 
applications: a review. Polymers, 13(6):924. 
https://doi.org/10.3390/polym13060924

Shehata N, Kandas I, Samir E, 2020. In-situ gold-ceria nanopar‐
ticles: superior optical fluorescence quenching sensor for 
dissolved oxygen. Nanomaterials, 10(2):314. 
https://doi.org/10.3390/nano10020314

Shen GL, Liu M, Wang Z, et al., 2018. Hierarchical structure 
and catalytic activity of flower-like CeO2 spheres prepared 
via a hydrothermal method. Nanomaterials, 8(10):773. 
https://doi.org/10.3390/nano8100773

Singh A, Hussain I, Singh NB, et al., 2019. Uptake, transloca‐
tion and impact of green synthesized nanoceria on growth 
and antioxidant enzymes activity of Solanum lycopersi‐
cum L. Ecotoxicol Environ Saf, 182:109410. 
https://doi.org/10.1016/j.ecoenv.2019.109410

Singh KRB, Nayak V, Sarkar T, et al., 2020. Cerium oxide 
nanoparticles: properties, biosynthesis and biomedical ap‐
plication. RSC Adv, 10(45):27194-27214. 
https://doi.org/10.1039/D0RA04736H

Singh S, Dosani T, Karakoti AS, et al., 2011. A phosphate-
dependent shift in redox state of cerium oxide nanopar‐
ticles and its effects on catalytic properties. Biomaterials, 
32(28):6745-6753. 
https://doi.org/10.1016/j.biomaterials.2011.05.073

386



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388    |

Sudhakar V, Richardson RM, 2019. Gene therapy for neurode‐
generative diseases. Neurotherapeutics, 16(1):166-175.
https://doi.org/10.1007/s13311-018-00694-0

Sun Y, Sun XL, Li X, et al., 2021. A versatile nanocomposite 
based on nanoceria for antibacterial enhancement and 
protection from aPDT-aggravated inflammation via modu‑
lation of macrophage polarization. Biomaterials, 268:
120614. 
https://doi.org/10.1016/j.biomaterials.2020.120614

Sun YH, Zhao CQ, Gao N, et al., 2017. Stereoselective nano‐
zyme based on ceria nanoparticles engineered with amino 
acids. Chem-A Eur J, 23(72):18146-18150. 
https://doi.org/10.1002/chem.201704579

Takahashi T, Marushima A, Nagasaki Y, et al., 2020. Novel 
neuroprotection using antioxidant nanoparticles in a 
mouse model of head trauma. J Trauma Acute Care Surg, 
88(5):677-685. 
https://doi.org/10.1097/TA.0000000000002617

Tarafdar A, Pula G, 2018. The role of NADPH oxidases and 
oxidative stress in neurodegenerative disorders. Int J 
Mol Sci, 19(12):3824. 
https://doi.org/10.3390/ijms19123824

Tarnuzzer RW, Colon J, Patil S, et al., 2005. Vacancy engin‑
eered ceria nanostructures for protection from radiation-
induced cellular damage. Nano Lett, 5(12):2573-2577. 
https://doi.org/10.1021/nl052024f

Tentschert J, Laux P, Jungnickel H, et al., 2020. Organ burden 
of inhaled nanoceria in a 2-year low-dose exposure 
study: dump or depot? Nanotoxicology, 14(4):554-576. 
https://doi.org/10.1080/17435390.2020.1736355

Thill A, Zeyons O, Spalla O, et al., 2006. Cytotoxicity of 
CeO2 nanoparticles for Escherichia coli. Physico-chemical 
insight of the cytotoxicity mechanism. Environ Sci Tech‐
nol, 40(19):6151-6156. 
https://doi.org/10.1021/es060999b

Tisi A, Flati V, Delle Monache S, et al., 2020. Nanoceria par‐
ticles are an eligible candidate to prevent age-related macu‑
lar degeneration by inhibiting retinal pigment epithelium 
cell death and autophagy alterations. Cells, 9(7):1617. 
https://doi.org/10.3390/cells9071617

Tisi A, Pulcini F, Carozza G, et al., 2022. Antioxidant prop‐
erties of cerium oxide nanoparticles prevent retinal neo‐
vascular alterations in vitro and in vivo. Antioxidants, 11(6):
1133. 
https://doi.org/10.3390/antiox11061133

Tsunekawa S, Ishikawa K, Li ZQ, et al., 2000. Origin of 
anomalous lattice expansion in oxide nanoparticles. Phys 
Rev Lett, 85(16):3440-3443. 
https://doi.org/10.1103/PhysRevLett.85.3440

Turrens JF, 2003. Mitochondrial formation of reactive oxygen 
species. J Physiol, 552(Pt 2):335-344. 
https://doi.org/10.1113/jphysiol.2003.049478

Türkez H, Arslan ME, Sönmez E, et al., 2017. Toxicogenomic 
responses of human alveolar epithelial cells to tungsten 
boride nanoparticles. Chem-Biol Interact, 273:257-265. 
https://doi.org/10.1016/j.cbi.2017.06.027

van Dam L, Dansen TB, 2020. Cross-talk between redox sig‐
nalling and protein aggregation. Biochem Soc Trans, 48(2):
379-397. 

https://doi.org/10.1042/bst20190054
Venkatesh KS, Gopinath K, Palani NS, et al., 2016. Plant 

pathogenic fungus F. solani mediated biosynthesis of 
nanoceria: antibacterial and antibiofilm activity. RSC Adv, 
6(48):42720-42729. 
https://doi.org/10.1039/C6RA05003D

Verstraelen S, Remy S, Casals E, et al., 2014. Gene expres‐
sion profiles reveal distinct immunological responses of 
cobalt and cerium dioxide nanoparticles in two in vitro 
lung epithelial cell models. Toxicol Lett, 228(3):157-169. 
https://doi.org/10.1016/j.toxlet.2014.05.006

Villa S, Maggioni D, Hamza H, et al., 2020. Natural molecule 
coatings modify the fate of cerium dioxide nanoparticles 
in water and their ecotoxicity to Daphnia magna. Environ 
Pollut, 257:113597. 
https://doi.org/10.1016/j.envpol.2019.113597

Vlachou E, Margariti A, Papaefstathiou GS, et al., 2020. 
Voltammetric determination of Pb(II) by a Ca-MOF-
modified carbon paste electrode integrated in a 3D-printed 
device. Sensors, 20(16):4442. 
https://doi.org/10.3390/s20164442

Wahlgren NG, Ahmed N, 2004. Neuroprotection in cerebral 
ischaemia: facts and fancies – the need for new ap‐
proaches. Cerebrovasc Dis, 17(Suppl 1):153-166. 
https://doi.org/10.1159/000074808

Wang SG, Lawson R, Ray PC, et al., 2011. Toxic effects of 
gold nanoparticles on Salmonella typhimurium bacteria. 
Toxicol Ind Health, 27(6):547-554. 
https://doi.org/10.1177/0748233710393395

Weng QJ, Sun H, Fang CY, et al., 2021. Catalytic activity tun‐
able ceria nanoparticles prevent chemotherapy-induced 
acute kidney injury without interference with chemothera‑
peutics. Nat Commun, 12:1436. 
https://doi.org/10.1038/s41467-021-21714-2

Witika BA, Makoni PA, Mweetwa LL, et al., 2020. Nano-
biomimetic drug delivery vehicles: potential approaches 
for COVID-19 treatment. Molecules, 25(24):5952. 
https://doi.org/10.3390/molecules25245952

Wong LL, Hirst SM, Pye QN, et al., 2013. Catalytic 
nanoceria are preferentially retained in the rat retina and 
are not cytotoxic after intravitreal injection. PLoS ONE, 
8(3):e58431. 
https://doi.org/10.1371/journal.pone.0058431

Wong LL, Pye QN, Chen LJ, et al., 2015. Defining the cata‐
lytic activity of nanoceria in the P23H-1 rat, a photore‐
ceptor degeneration model. PLoS ONE, 10(3):e0121977. 
https://doi.org/10.1371/journal.pone.0121977

Wu HF, Zhang XY, Liao PQ, et al., 2005. NMR spectroscopic-
based metabonomic investigation on the acute biochem‐
ical effects induced by Ce(NO3)3 in rats. J Inorg Biochem, 
99(11):2151-2160. 
https://doi.org/10.1016/j.jinorgbio.2005.07.014

Wu LY, Liu GY, Wang WY, et al., 2020. Cyclodextrin-modified 
CeO2 nanoparticles as a multifunctional nanozyme for 
combinational therapy of psoriasis. Int J Nanomedicine, 
15:2515-2527. 
https://doi.org/10.2147/ijn.S246783

Xiu MH, Li ZZ, Chen DC, et al., 2020. Interrelationships 
between BDNF, superoxide dismutase, and cognitive 

387



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(5):361-388

impairment in drug-naive first-episode patients with schizo‐
phrenia. Schizophr Bull, 46(6):1498-1510. 
https://doi.org/10.1093/schbul/sbaa062

Xu HT, Li SQ, Ma XX, et al., 2023. Cerium oxide nanopar‐
ticles in diabetic foot ulcer management: advances, limi‐
tations, and future directions. Colloids Surf B Biointer‐
faces, 231:113535. 
https://doi.org/10.1016/j.colsurfb.2023.113535

Yang BW, Chen Y, Shi JL, 2019a. Nanocatalytic medicine. 
Adv Mater, 31(39):1901778. 
https://doi.org/10.1002/adma.201901778

Yang BW, Chen Y, Shi JL, 2019b. Reactive oxygen species 
(ROS)-based nanomedicine. Chem Rev, 119(8):4881-4985.
https://doi.org/10.1021/acs.chemrev.8b00626

Yang Q, Wu XQ, Peng HL, et al., 2018a. Simultaneous phase-
inversion and imprinting based sensor for highly sensi‐
tive and selective detection of bisphenol A. Talanta, 176:
595-603. 
https://doi.org/10.1016/j.talanta.2017.08.075

Yang Q, Li JH, Wang XY, et al., 2018b. Strategies of molecu‐
lar imprinting-based fluorescence sensors for chemical 
and biological analysis. Biosen Bioelectron, 112:54-71. 
https://doi.org/10.1016/j.bios.2018.04.028

Yang SM, Kim SRN, Youn WK, et al., 2015. Generation of 
charged nanoparticles during thermal evaporation of silver 
at atmospheric pressure. J Nanosci Nanotechnol, 15(11):
8418-8423. 
https://doi.org/10.1166/jnn.2015.11458

Yao W, Yao JL, Qian FF, et al., 2021. Paclitaxel-loaded and 
folic acid-modified PLGA nanomedicine with glutathi‐
one response for the treatment of lung cancer. Acta Bio‐
chim Biophys Sin, 53(8):1027-1036. 
https://doi.org/10.1093/abbs/gmab073

Yeung CMY, Yu KMK, Fu QJ, et al., 2005. Engineering Pt in 
ceria for a maximum metal–support interaction in cataly‐
sis. J Am Chem Soc, 127(51):18010-18011. 
https://doi.org/10.1021/ja056102c

Yi ZG, Luo ZC, Qin X, et al., 2020. Lanthanide-activated 
nanoparticles: a toolbox for bioimaging, therapeutics, and 
neuromodulation. Acc Chem Res, 53(11):2692-2704. 
https://doi.org/10.1021/acs.accounts.0c00513

Yin LX, Wang YQ, Pang GS, et al., 2002. Sonochemical syn‐
thesis of cerium oxide nanoparticles-effect of additives and 
quantum size effect. J Colloid Interface Sci, 246(1):78-84.
https://doi.org/10.1006/jcis.2001.8047

You CG, Zhu ZK, Wang SS, et al., 2023. Nanosilver allevi‐
ates foreign body reaction and facilitates wound repair 
by regulating macrophage polarization. J Zhejiang Univ-
Sci B (Biomed & Biotechnol), 24(6):510-523.  
https://doi.org/10.1631/jzus.B2200447

You GX, Hou J, Xu Y, et al., 2020. Surface properties and en‐
vironmental transformations controlling the bioaccumu‐
lation and toxicity of cerium oxide nanoparticles: a criti‐
cal review. In: de Voogt P (Ed.), Reviews of Environmen‐
tal Contamination and Toxicology Volume 253. Springer, 
Cham, p.155-206. 
https://doi.org/10.1007/398_2020_42

Yulizar Y, Juliyanto S, Sudirman, et al., 2021. Novel sol-gel 

synthesis of CeO2 nanoparticles using Morinda citrifolia 
L. fruit extracts: structural and optical analysis. J Mol 
Struct, 1231:129904. 
https://doi.org/10.1016/j.molstruc.2021.129904

Yun YJ, Song KB, 2013. Preparation and characterization of 
graphene oxide encapsulated gold nanoparticles. J Nano‑
sci Nanotechnol, 13(11):7376-7380. 
https://doi.org/10.1166/jnn.2013.7850

Zand Z, Khaki PA, Salihi A, et al., 2019. Cerium oxide NPs 
mitigate the amyloid formation of α-synuclein and asso‐
ciated cytotoxicity. Int J Nanomedicine, 14:6989-7000. 
https://doi.org/10.2147/ijn.S220380

Zhang DY, Liu HK, Li CY, et al., 2020. Ceria nanozymes 
with preferential renal uptake for acute kidney injury al‐
leviation. ACS Appl Mater Interfaces, 12(51):56830-56838.
https://doi.org/10.1021/acsami.0c17579

Zhang J, Wu Z, Liu T, et al., 2001. XANES study on the va‐
lence transitions in cerium oxide nanoparticles. J Syn‐
chrotron Radiat, 8(Pt 2):531-532. 
https://doi.org/10.1107/s0909049500016022

Zhang Y, Yang H, Wei DH, et al., 2021. Mitochondria-targeted 
nanoparticles in treatment of neurodegenerative diseases. 
Exploration, 1(3):20210115. 
https://doi.org/10.1002/EXP.20210115

Zhang YK, Tang BT, Xin Y, et al., 2022. Nanobubbles loaded 
with carbon quantum dots for ultrasonic fluorescence dual 
detection. J Zhejiang Univ-Sci B (Biomed & Biotechnol), 
23(9):778-783. 
https://doi.org/10.1631/jzus.B2200233

Zhao CL, Ma CY, Li WJ, et al., 2021. Differences in perfor‐
mance of immunosensors constructed based on CeO2-
simulating auxiliary enzymes. ACS Biomater Sci Eng, 7(3):
1058-1064. 
https://doi.org/10.1021/acsbiomaterials.0c01680

Zhong YT, Ma ZR, Zhu SJ, et al., 2017. Boosting the down-
shifting luminescence of rare-earth nanocrystals for bio‐
logical imaging beyond 1500 nm. Nat Commun, 8:737. 
https://doi.org/10.1038/s41467-017-00917-6

Zhou XH, Wong LL, Karakoti AS, et al., 2011. Nanoceria in‐
hibit the development and promote the regression of 
pathologic retinal neovascularization in the Vldlr knock‐
out mouse. PLoS ONE, 6(2):e16733. 
https://doi.org/10.1371/journal.pone.0016733

Zhou XT, You M, Wang FH, et al., 2021. Multifunctional 
graphdiyne-cerium oxide nanozymes facilitate microRNA 
delivery and attenuate tumor hypoxia for highly efficient 
radiotherapy of esophageal cancer. Adv Mater, 33(24):
2100556. 
https://doi.org/10.1002/adma.202100556

Zidar M, Rozman P, Belko-Parkel K, et al., 2020. Control of 
viscosity in biopharmaceutical protein formulations. J 
Colloid Interface Sci, 580:308-317. 
https://doi.org/10.1016/j.jcis.2020.06.105

Zuo L, Feng QS, Han YY, et al., 2019. Therapeutic effect on 
experimental acute cerebral infarction is enhanced after 
nanoceria labeling of human umbilical cord mesenchymal 
stem cells. Ther Adv Neurol Disord, 12:1756286419859725.
https://doi.org/10.1177/1756286419859725

388


