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Cerium oxide nanozymes (CeO, NZs) exhibit enzyme mimetic activities and great promise for biomedical
applications by mediating the dynamic cycling between Ce3* and Ce**. However, traditional preparation
methods are often expensive and detrimental to the environment. Meanwhile, the problems of easy ag-
glomeration, poor targeting and weak biocompatibility need to be solved. The available literatures have
mainly reviewed CeO, NZs in terms of its material properties, mechanisms and potential clinical ap-
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three years are outlined, along with a summary of their clinical translational prospects and challenges.
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Finally, the challenges of CeO, NZs promotion technology are discussed.
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1. Introduction

Natural enzymes have the advantages of high substrate affin-
ity, specificity and superior biocompatibility compared with chem-
ical drugs. However, the disadvantages involving the susceptibility
to inactivation, shorter half-life and higher purity requirements for
application hinder their further development in the clinical appli-
cations [1-3].

In 2004, gold nanoparticles (NPs) are firstly found to can cat-
alyze the phosphodiester bond cleavage reaction and name them
as nanozymes (NZs) [4]. In 2007, it is reported Fe304 NPs en-
dowing peroxidase (POD) mimetic activity can break the bound-
aries between inorganic materials and biological activities [5]. NZs
have the advantage of mimicking a wide range of enzyme activi-
ties, higher stability as well as the ease of surface modification and
modulation of catalytic activity facilitating complex biochemical re-
actions in comparison to natural enzymes [6-8]. CeO, is one of the
most common nanozymes. CeO, NZs have a reversible cycling be-
tween Ce3* (reduced state) and Ce** (oxidized state), thereby gen-
erating oxygen vacancies in the lattice structure, which presents
excellent oxygen storage and releases capacity, redox activity and
enzyme-like catalytic activities [9-11]. The multiple enzyme-like
activities evoke a wide range of research perspectives in diagno-
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sis and therapy in the biomedical field [12,13]. It is worth noting
some limitations of CeO, NZs in aspect of the preparation and ap-
plication studies hamper its large-scale production and potential
applications. Interestingly, the green preparation methods devel-
oped in recent years are environmentally beneficial and econom-
ical. Besides, the synthesized NPs are more stable [14,15]. Mean-
while, surface modification and cell membrane biomimetic modifi-
cation strategies are utilized to prevent the agglomeration of CeO,
NZs and elevate the biocompatibility as well as targeting [16-18].
In addition, doping modification strategies can further accelerate
the catalytic performance and enzyme mimetic activities of CeO,
NZs via promoting changes in surface physicochemical properties
[19,20].

Currently, the reviews on CeO, NZs mainly cover their action
mechanism, promising biomedical applications. However, the lit-
eratures on the limitations of CeO, NZs and the corresponding
improvement methods are fragmented and systematic reviews are
lack. Herein, the shortcomings of its traditional preparation meth-
ods of CeO, NZs are introduced. The novel progress of its green
preparation methods is summarized and discussed. Meanwhile,
surface modification, cell membrane biomimetic and doping mod-
ification strategies are emphatically analyzed and discussed, and
the three approaches are compared in terms of biosafety. Addition-
ally, representative potential biological applications of CeO, NZs in
recent years are outlined, along with a summary of their clinical
translational prospects and challenges (Fig. 1).

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Schematic diagram of green preparation, surface modification, cell mem-
brane biomimetic modification, doping modification and potential medical appli-
cations of CeO, NZs.
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Fig. 2. (a) Schematic diagram of the relevance between multiple mimetic enzyme
activities of CeO, NZs and the field of biomedicine. (b) Schematic diagram of influ-
ence of particle size and morphology of CeO, NZs on activity through modulation
of reversible cycling between Ce3+/Ce*" and modulation of its mimetic activity by
pH.

2. Catalytic properties of CeO, NZs and influencing factors

Cerium in CeQ, exists in two valence states of Ce3* and Ce*t
[21]. Due to the reversible cycling between Ce** and Ce3*, the
lattice is prone to oxygen vacancies, which is a key factor in the
generation of redox enzyme-mimicking activities [22]. CeO, NZs
have a variety of enzyme mimetic activities such as superoxide
dismutase (SOD), catalase (CAT), oxidase (OXD), POD [23,24]. The
four mimetic activities of CeO, NZs can be classified into antioxi-
dant and pro-oxidative effects, which can regulate reactive oxygen
species (ROS) in the body. This is closely related to the treatment
of ROS-related diseases. The relevance between multiple mimetic
enzyme activities of CeO, NZs and the field of biomedicine as
shown in Fig. 2a. SOD- and CAT-mimetic activities exhibiting the
antioxidant effect can break down the production of superoxide
anions (O,"~) or hydrogen peroxide (H,0,) into O, and H,0. The
Ce3+/Ce** ratio displays a significant effect on the SOD- and CAT-
mimetic activities of CeO, NZs [25,26]. POD- and OXD-mimetic ac-
tivities perform the pro-oxidant effect that produces ROS to at-
tack pathogens and microbes. Its mimetic enzyme activities are
closely related to its own properties and environmental factors. It
mainly includes particle size, morphology, pH, temperature, sur-
face modification and doping factors, etc. [11]. Among them, sur-
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face modification and doping affect the activity by interacting with
cerium ions and regulating the electronic structure, producing lat-
tice distortion, respectively [27,28]. This will be described in detail
in Sections 4.1 and 4.3. Consequently, this section mainly summa-
rizes the influences of particle size, morphology, pH and tempera-
ture.

2.1. Particle size and morphology effect

The effects of particle size and morphology on the catalytic ac-
tivity of CeO, NZs are mediated through the modulation of the
Ce3+/Ce*t ratio and oxygen vacancies. As shown in Fig. 2b, as
the particle size of CeO, NZs decreases, more 0%~ located in the
tetrahedral interstitial positions are released, form more oxygen
vacancies to convert Ce*" to Ce3*, providing more active sites
for redox reactions to reinforce the catalytic activity [11,29,30].
Generally, the shapes of CeO, NZs mainly include nanorods,
nano-octahedrons, nanocubes, mesoporous structures, etc. CeO,
nanorods show higher oxygen vacancy content and higher cat-
alytic activity compared to nano-octahedrons and nanocubes [31-
33]. Furthermore, the formation of mesoporous structure increases
the surface area of CeO, NZs. Consequently, more active sites are
exposed on the surface and more oxygen vacancies are also formed
[34]. Compared to non-porous nanorods, porous CeO, nanorods
along with more specific surface areas and higher Ce3* content
perform stronger POD-mimetic activity [35]. Surface-intrinsic strain
in ultrathin CeO, nanosheets driven by thickness cutting strength-
ens the covalent nature of Ce-O bonding, resulting in a greatly en-
hanced decomposition of 0,'~. The Ce3* and oxygen vacancy con-
centrations are greatly elevate compared to that of the nanocubes
[36].

2.2. pH effect

pH is one of the most important environmental factors affect-
ing enzyme activity. As shown in Fig. 2b, CeO, NZs have excel-
lent CAT-mimetic activity under neutral conditions. However, ex-
cessive H* inhibits the conversion of Ce*" to Ce3t under acidic
conditions and hinder the decomposition of surface-adsorbed H,0,
[37]. This phenomenon might cause cytotoxicity [38]. CeO, NZs
display higher OXD- and POD-mimetic activities at pH 4.0 whereas
the OXD-mimetic activity is significantly reduced at pH 7.0 [39,40].
This pH dependence presents the potential of designing biochem-
ical applications under specific pH conditions, such as releasing
drugs or performing bioassays in the acidic conditions in the tumor
microenvironment, while protecting cells at physiological pH. It is
vitally necessary the pH of the disease microenvironment should
be considered to ensure the desired enzymatic activity at the ap-
propriate pH conditions during the design of CeO, NZs in thera-
peutic application.

2.3. Temperature effect

Temperature is an important environmental factor in enzyme
activity. However, most of the current studies have focused on ex-
ploring the effect of temperature as a synthesis parameter on CeO,
NZs, while the effect of temperature as an environmental factor
on its activities has rarely been reported. SOD-mimicking activity
shows a trend of increasing with the rise of temperature in both
low-temperature (4, —20 and —80°C) and high-temperature en-
vironments (40-70°C), and it is significantly higher in the high-
temperature environment. Lower temperature has an inhibitory ef-
fect on the antioxidant activity, while higher temperature promotes
the circulation of cerium ions [41]. In some temperature-sensitive
applications, it is necessary to precisely control the environmental
temperature to ensure the stable exertion of its activity.
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Fig. 3. Traditional and green fabrication methods of CeO, NZs.

3. Fabrication of Ce0, NZs

The effects on the fabrication methods on the catalytic prop-
erties of CeO, NZs are summarized and compared. Understanding
its fabrication process is crucial for optimizing the performance of
CeO, NZs and expanding their application areas. Fabrication meth-
ods of CeO, NZs involve traditional and the novel progress of green
preparation methods as illustrated in Fig. 3. Due to the instability
and the use of toxic chemical reagents in CeO, NZs prepared by
traditional fabrication methods, this section mainly introduces how
green preparation methods to improve these limitations.

3.1. Traditional fabrication methods

Traditional fabrication methods mainly include solid-phase syn-
thesis method, hydrothermal method, sol-gel method, microemul-
sion method, precipitation method and the further developed ion-
assisted sol-gel method [42,43]. Traditional fabrication methods in-
volve the top-down method and the bottom-up method. The top-
down method refers to the preparation process of dividing large
particles into smaller size particles, such as grinding or high tem-
perature roasting decomposition [44]. The method can avoid the
usage of toxic solvents, which is more beneficial for environmental
protection. Additionally, the top-down method is simpler and more
rapid with lower production cost. However, it is more difficult to
accurately control the shape of CeO, NZs and the particle size
is non-uniform. Besides, it is easier to occur agglomeration [45].
While the bottom-up method is the self-assembly of very smaller
atoms to produce larger, more complex NPs. Relatively speaking,
the bottom-up method can be used to achieve more controllable
shape, higher purity, and uniform particle size of CeO, NZs by
adjusting the reaction conditions (reactant concentration, reaction
temperature and pressure) [44]. The hydrothermal method, one of
the bottom-up method, can be used to prepare ultra-small CeO,
NZs, CeO, nanorods, octahedrons and cubes [46-49]. Microemul-
sion method can prepare CeO, NZs with comet-like and prismatic
shapes [50]. In addition, the bottom-up method can also prevent
particle from agglomeration through the addition of surfactants,
stabilizing agents and other substances [51]. However, the bottom-
up method often involves the usage of toxic chemical reagents. It
is unavoidable for the environment and the human body to be
harmed. Consequently, it is vitally necessary to explore green tech-
nologies to avoid the disadvantages of traditional fabrication meth-
ods for the preparation of CeO, NZs and widen its application.

3.2. Green preparation methods

Green preparation methods are simpler, more economical and
environmentally beneficial comparing with the traditional meth-
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ods. Some extracts generated from plants, food even some micro-
bial have been used to prepare CeO, NZs as illustrated in Fig. 3.
The effects on the formation and properties of CeO, NZs have been
extensively explored [52].

3.2.1. Plant-mediated green preparation method

Plant-mediated green preparation of CeO, NZs is one of the
most common methods. The use of plant green extracts without
toxic chemicals can present superior biocompatibility. The reaction
is simpler, faster, and environmentally friendly with mild condi-
tions. For the preparation of plant-mediated CeO, NZs, plant ex-
tract is generally prepared by boiling or infusing the plant ex-
tracted parts. The extracts are mixed with cerium precursors un-
der stirring and heating condition. The formation, particle size and
stability of CeO, NZs can be controlled with the assistance of sta-
bilizing effects from plant extracts [52]. In the absence of Aloe vera
extract, CeO, NZs are easily precipitated, presenting the worse sta-
bility. While the stable CeO, NZs enable to form upon the addi-
tion of Aloe vera extract [53]. It has been shown plant-mediated
Ce0, NZs exhibit desirable biological activity than plant extracts or
CeO, NZs alone [54,55]. In the last three years, the plant-mediated
preparation of CeO, NZs reported have desired antioxidant, an-
timicrobial, and antidiabetic bioactivities as exhibited in Table 1
[54,56-59]. With the addition of Manilkara zapota peel and Men-
tha royleana leaf extract, CeO, NZs possess excellent antidiabetic
activity, displaying the more desirable inhibitory to o-amylase and
«-glucosidase activities [54,57]. Moreover, the green prepared CeO,
NZs show the largest bacterial inhibition zone as compared to peel
extract and CeO, NZs. It is also found to be more inhibitory to bac-
teria than fungi, which may be due to the difference in cell mem-
branes [54]. Oldenlandia umbellata leaf extract enable CeO, NZs to
present better antimicrobial activity at 5pg/mL compared to other
extracts. CeO, NZs present dramatic enhancement of antimicrobial
activity through green extracts and doping with OsO4 [59]. Oroxy-
lum indicum fruit and Zingiber officinale stem extract promote CeO,
NZs to display better antioxidant activity at lower concentration
[56,58].

Most of the current plant-mediated preparation of CeO, NZs
present a spherical morphology, which might limit CeO, NZs to ex-
ert better catalytic activity and oxygen storage capacity. The mor-
phology of CeO, NZs prepared via plant-mediated methods can
be affected by doping modification, ionic liquids and plant extract
concentration. The non-spherical morphologies of CeO, NZs may
be due to the lattice distortion caused via doping, which affects
the morphology and structural features of CeO, NZs [60]. Ionic lig-
uids can control the growth and aggregation behavior of CeO, NZs.
The number and position of anionic and cationic groups control
the surface morphology and size [61]. The doping strategies com-
bined with ionic liquids enabled the SrO/CeO, and CeO,/ZrO, NZs
to present a nanorod structure, endowing them with better activity
[61,62]. The concentration of plant extracts also affects the mor-
phology of CeO, NZs. As the amount of aloe vera gel increased, the
morphology of CeO, NZs changed from bell-shaped to sea urchin-
shaped and then to flower-shaped [63]. This affects the properties
of CeO, NZs such as specific surface area, porosity and surface en-
ergy. In addition, it is a way to direct CeO, NZs to form specific
structures to control its morphology through using plants as bio-
templates method. China rose petal is used as robust bio-template
for the facile fabrication of novel ceria nanosheet with a thickness
of approximate 7 nm via a continuous infiltration process. The mor-
phology of the nanosheets results in a higher Ce3*/Ce** ratio and
more oxygen vacancies [64]. Preparation of non-spherical CeO, NZs
using adjusted extract concentration, doping, ion liquids and bio-
templating strategies is intended for the plant-mediated prepara-
tion of CeO, NZs with diverse morphology and better performance.
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Table 1
Various plants used in the preparation of CeO, NZs and its performances.
Plant name Part Average size (nm)  Biological evaluation Ref.
Antidiabetic Antimicrobial inhibition zone (mm)®  Antioxidant ®
Manilkara zapota Peel 15+£2 Inhibition rate of 50 ug/mL CeO, NZs: P. aeruginosa — [54]
100 pg/mL CeO, NZs: (33), Escherichia coli (31), S. aureus
«o-amylase (74.13 %) and (25), B. subtilis (23), A. niger (21)
«o-glucosidase (90.61%) and C. albicans (19)
Oldenlandia Leaf 22-24 — 5nug/mL Ce0,/0s04: K. pneumoniae Inhibition rate of 6 pg/mL [59]
umbellata (23), E. coli (33), B. subtilis (26), S. Ce0,/0s04: DPPH (78%)
aureus (36) and multidrug-resistant
P. aeruginosa (34)
Mentha royleana Leaf 46-56 Inhibition rate of — Inhibition rate of [57]
500 pug/mL CeO, NZs: 1000 pg/mLCeO, NZs:
«o-amylase (~80%) and DPPH (31 %), ABTS (46.7 %),
a-glucosidase (~45 %) *OH (50%)
Oroxylum indicum Fruit 30 — — Inhibition rate of [58]
100 ng/mL CeO, NZs:
DPPH (63.4%)
Zingiber officinale Stem 3.73 Inhibition rate of CeO, E. coli (7), P. aeruginosa (7), K. Inhibition rate of 4 pg/mL [56]

NZs: a-amylase (64.1%)

pneumoniae (7), S. aureus (7), MRSA
(7), S. entertica (7)

CeO, NZs: DPPH (34%),
ABTS (43 %)

3 P. aeruginosa: Pseudomonas aeruginosa; E. coli: Escherichia coli; S. aureus: Staphylococcus aureus; B. subtilis: Bacillus subtilis; A. niger: Aspergillus niger; C. albicans: Canidia

albicans; K. pneumoniae: Klebsiella pneumoniae; S. entertica: Salmonella enterica.

b DPPH: 2,2-diphenyl-1-picrylhydrazyl; *OH: hydroxyl radical; ABTS: 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).

3.2.2. Microbes-mediated preparation methods

The abundant secondary metabolites of microorganisms can
mediate the green preparation of CeO, NZs, presenting excellent
stability and dispersion [65]. Fungus secretes large amounts of pro-
teins that can be used to synthesize CeO, NZs. The fungal filtrate
contains enzymes, anthraquinones that are also responsible for the
reduction and stabilization processes [66,67]. Microbes-mediated
Ce0, NZs display a single activity and lower antimicrobial activity
compared to that of plant-mediated CeO, NZs [65-67]. It is rarely
seen microbes-mediated preparation of CeO, NZs is reported in re-
cent years. The possible reason may be attributed to more culti-
vation and maintenance conditions compared to plant preparation
methods, which increase the cost and operational complexity.

3.2.3. Food-mediated preparation methods

Ce0O, NZs mediated via food have increasingly attracted wide
attention [68-71]. The higher amount of carbohydrates, enzymes
and vitamins in honey enable to encapsulate and stabilize CeO,
NZs while inhibit its excessive aggregation or crystal growth [68].
Furthermore, it is noted honey increase in crystallinity of CeO, NZs
and achieve more uniform in particle size and shape with the in-
crease of calcination temperature. Branched starch contributes to
exposure of active sites, the generation of numerous pores and
a well-structured surface. Therefore, starch-assisted preparation of
CeO, NZs presents desirable properties and antimicrobial activity
[71]. However, food-mediated preparation of CeO, NZs has rarely
been reported in recent years. The probable reason may be as-
cribed to the relatively homogeneous functionality in practical ap-
plications, which is mainly focused on antimicrobials.

4. Modification strategies of CeO, NZs

After summarizing and discussing the traditional and green
preparation methods of CeO, NZs, deep understandings have been
gained regarding how the choice of preparation methods can en-
hance the performance of CeO, NZs. To further increase the poten-
tial of CeO, NZs for clinical applications, it is also necessary to an-
alyze the properties of CeO, NZs from an application perspective.
CeO, NZs have been extensively studied in the biomedical field
due to its antioxidant and pro-oxidant properties. However, the in-
teractions among enzyme activities, the susceptibility to agglomer-
ation, toxicity and nonspecific targeting issues are found [19,45,72-
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Fig. 4. Commonly used surface modification materials and their enhancement of
CeO, NZs properties.

76]. It is of great importance to take effective measures to ame-
liorate the deficiency via modification and strengthen the origi-
nal properties. Surface modification on CeO, NZs has the effect of
preventing agglomeration and improving biocompatibility [27]. Cell
membrane biomimetic modification primarily confers CeO, NZs
targeting properties [77]. The doping strategy reinforces the multi-
enzyme-like activity of CeO, NZs and improves the enzyme selec-
tivity in specific environments [78,79], even enables applications in
sensing capability [80,81].

4.1. Surface modification on CeO, NZs

Generally, the catalytic reactions occur on the surface of CeO,
NZs. The surface modification alters the surface physicochemical
properties of CeO, NZs, which in turn reinforces the stability and
modulates catalytic activity as established in Fig. 4. Among them,
materials such as polyethylene glycol (PEG), polyacrylic acid (PAA),
dextran and chitosan are introduced due to their better biocom-
patibility and easier surface modification ability [82].

4.1.1. Surface modification from synthetic polymers

Due to the multivalent binding effect, the polymer has tighter
adsorption properties, giving CeO, NZs better colloidal stability
and dispersion [17]. After being PEG modification, the agglomer-
ated CeO, NZs are dispersed among each other, showing excel-
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lent stability in a range of physiological solutions including wa-
ter, cell culture media and serum [83]. The modification from
synthetic polymer can reinforce the biocompatibility of CeO, NZs
[83-85]. The survival rate of normal human hepatocytes (L-02) at
50 pg/mL concentration of CeO, NZs is only 36.7%, while the sur-
vival rate at the same concentration of PEG-CeO, NZs is ~83%
[83]. No cytotoxicity to human osteoblasts (SAOS-2) when the con-
centration of PAA-CeO, NZs is 500pug/mL [84]. Additionally, the
interaction between polymers and CeO, NZs alter the chemical
environment on the surface of CeO, NZs, making it easier for
Ce** to be reduced to Ce3*. Compared to CeO, NZs, PEG-modified
Ce0, NZs present higher Ce3*/Ce** ratio, which result in elevated
SOD2 protein expression in normal hepatocytes (L-02 cells) and
more effectively protected normal cells from ROS damage [83].
At higher temperatures, the conformation of PAA change from a
curled to a stretched structure, which provided more carboxylate-
anchored localization sites on the CeO, surface along with an in-
crease of Ce3+ concentration. Conversely, the sequence result leads
to a gradual increase in the SOD and POD-mimetic activities as
well as a gradual decrease in the CAT and OXD-mimetic activities
[84].

4.1.2. Surface modification from natural polymers

It is well-known natural polymers are extremely abundant.
They possess superior biological activity and have been used for
surface modification of CeO, NZs. In contrast to the synthetic poly-
mers which require bridging molecules. The hydroxyl groups of
natural polymers can interact with the CeO, surface in a vari-
ety of ways, contributing to the formation of stronger encapsu-
lation layers than synthetic polymers [27]. The performance en-
hancement of CeO, NZs through the modification of various natu-
ral polymers are shown in Table S1 (Supporting information) [86-
93]. Surface modification of natural polymers accelerates the bio-
compatibility of CeO, NZs. The concentration of non-toxic upon
cells reaches 1000 ug/mL [88,89]. Natural polymers themselves also
have biological functions endowing some specifical bind proper-
ties of the receptor to elevate the active targeting of CeO, NZs
[88,93]. Dextran can bind to scavenger receptors at the site of in-
flammation, facilitating dextran-CeO, NZs in inflammatory bowel
diseases. Fluorescently labeled dextran-CeO, NZs emerging the
fluorescence signal is mainly concentrated in the gastrointestinal
tract. The fluorescence signal is more significant in colitis mice.
This further proves that dextran modification enables CeO, NZs
to specifically target the inflammatory site [88]. In the treatment
of atherosclerosis, hyaluronic acid-CeO, NZs actively target plaque-
associated macrophages in atherosclerosis to remove excess ROS.
In atherosclerotic mice, the fluorescence intensity of hyaluronic
acid-CeO, NZs in the aorta is approximately 3-fold stronger than
injected with free fluorescent dye. Meanwhile, it shows higher
plaque-targeting behaviors than the poly-aspartic acid-coated CeO,
NZs. It is due to hyaluronic acid-CeO, NZs are rapidly endocytosed
by macrophages or endothelial cells in the aorta in plaques and
tend to accumulate in plaques [93].

Some natural polymer-modified CeO, NZs can exhibit pH-
dependent antioxidant/pro-oxidant activity. This property protects
normal cells from free radical damage at physiological pH, but pro-
duces a pro-oxidant killing effect on cancer cells in acidic environ-
ments [86,87,91]. Dextran-CeO, NZs have antioxidant properties at
pH 7.0 and the highest destructive effect on cancer cells at pH 6.0,
which offers potential applications for cancer therapy [87]. This
pH-dependent change in activity serves natural polymer-modified
CeO, NZs the potential for a wider range of applications in differ-
ent biological environments.

The surface modification from natural polymer increases the
biocompatibility and stability of CeO, NZs. Mimetic enzyme ac-
tivity and pH-dependent antioxidant/ pro-oxidant activity are also
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strengthened. It is found that the thickness of polymer modifica-
tion is one of the important factors affecting the catalytic activity,
stability, and cellular uptake of the modified CeO, NZs. The thinner
coating promotes faster substrate transfer to the CeO, NZs core,
which in turn exerts stronger catalytic activity [39]. The thinner
surface modification maintains competitive colloidal stability and
antioxidant activity of CeO, NZs, further boost the recycling ability
of CeO, NZs [94]. Subsequently, adjusting the thickness of the sur-
face coating can be optimized for biomedical applications of CeO,
NZs. In the future, it is necessary to combine various characteri-
zation methods to explore the surface interaction and the binding
mechanism between polymers and CeO, NZs.

4.2. Cell membrane biomimetic modification on CeO, NZs

Polymer modification on CeO, NZs lacks targeting ability, which
might trigger an immune response in the body. The risk of clear-
ance is increased through the immune system [95]. Nevertheless,
the ability of natural cell membranes endowing more prolonged
circulation time, being immune escape, and targeting facilitates the
application of membrane coating technology in CeO, NZs delivery
as shown in Table S2 (Supporting information) [16,18,96-103]. It
is key that the membrane coating is structurally and functionally
similar to the host cell. Introduced cell membrane proteins bind to
specific receptors expressed on the surface of target cells for pre-
cise delivery of CeO, NZs [77,101]. Under inflammatory conditions,
intercellular adhesion molecule-1 (ICAM-1) expression on alveolar
epithelial cells is upregulated, while macrophage-1 antigen (MAC-
1) on macrophage membranes can specifically bind to ICAM-1
[104,105]. Macrophage membrane-coated CeO, nanocomplexes in-
cubate with inflammatory cells show stronger fluorescence com-
pared to that of PEG modification. The blockade of the ICAM-1
binding site causes a significant decrease in the level of bind-
ing capacity [101]. Platelet membrane-coated CeO, NZs emerge
higher uptake rates in lipopolysaccharide-stimulated RAW264.7
cells and higher accumulation in the aorta than uncoated CeO,
NZs, achieving dual targeting of atherosclerosis [99]. Glycoprotein
[Ib (GPIIb) and P-selectin (CD62p) expressing on platelet mem-
branes can aggregate and activate more platelets to accelerate
wound healing. The platelet membrane-coated CeO, NZs obvi-
ously enhance platelet adhesion to collagen. Meanwhile, it shows
a mean rate of platelet aggregation of 16.7% + 1.3% [98]. As ad-
hesion molecules are expressed on homologous tumor cell mem-
branes, corresponding cancer cell membrane-coated CeO, NZs is
endowed with homologous recognition and homing properties via
receptor-ligand binding. MDA-MB-231 cancer cells subjected to
membrane-encapsulated CeO, nanocomplexes show higher fluo-
rescence intensities, which is highly higher normal cells, suggest-
ing that membrane encapsulation remarkably increases the intra-
cellular uptake of the nanocomplexes [97]. The obvious advantages
of cell membranes-coated CeO, NZs and the abundant source of
cell membranes provide a solid foundation for its individualized
precision medicine.

4.3. Doping modification on CeO, NZs

Surface modification and cell membrane biomimetic modifica-
tion strategies play an important role in improving the biocompat-
ibility, stability and targeting of CeO, NZs. To further optimize the
catalytic performance and enzyme mimetic activity, other modifi-
cation approaches are also extensively explored. Doping modifica-
tion strategies can be used to modulate the physicochemical prop-
erties of CeO, NZs by introducing other elements to achieve finer
regulation of the CeO, NZs’ performance.
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Fig. 5. Doping-induced changes in CeO, NZs lattice and photocatalytic activity of
metal-doped CeO, NZs.

4.3.1. Transition metals doped CeO, NZs

Transition metal doping has achieved the dual mechanism of
modulating the electronic structure of CeO, and generating lattice
distortion (Fig. 5). Through doping modification, the band gap en-
ergy of CeO, NZs can be lowered to absorb visible light and gen-
erate photogenerated electron-hole pairs, which participate in re-
dox reactions to generate ROS. Doped transition metal CeO, NZs
exhibit enhanced antibacterial and antitumor capacity in compar-
ison to that of undoped CeO, NZs [106-108]. Moreover, different
valence states can provide different reactive centers of activity, el-
evating the catalytic selectivity of specific reactions [109].

The multi-enzyme activities of CeO, NZs are effectively rein-
forced by Cu doping. The selective regulation of these activities has
been realized in specific environments. The OXD and POD-mimetic
activities of Cu-CeO, NZs are optimal at pH 3.5 and 4 condition.
The CAT activity is excellent while the OXD and POD-mimetic ac-
tivities are weakest at pH 6.5. At the pH 6.5 tumor microenviron-
ment, the CAT-mimetic activity is unaffected through the activities
of the other two mimics and alleviated the hypoxic condition of
tumor cells [78]. POD activity is boosted and hydroxyl radical an-
tioxidant capacity activity is inhibited whereas the antimicrobial
effect is improved through modulating the electronic structure of
CeO, NZs and influencing the kinetics of the catalytic reaction [19].

Co-CeO, NZs have a unique role in biosensing and detec-
tion due to its superior POD-mimetic activity. It is active under
acidic conditions, which hinder in vivo sensing applications. It is
demonstrated the affinity of CeO, NZs for H,0, and 3,3',5,5'-
tetramethylbenzidine (TMB) is distinctly increased through the in-
troduction of Co. The catalytic efficiency is dramatically reinforced
compared with that of the undoped CeO, NZs at pH 6.0 [110]. The
Co-CeO, NZs enable to mimic POD activity in a neutral pH envi-
ronment, accompanying with different oxidative enzymes. This is
beneficial to more effectively catalyze the generation of POD ac-
tivity, enabling the detection of specific biomarkers (e.g., glucose,
galactose, cholesterol). Ultrasmall Co-CeO, nanodots are prepared
and uniformly dispersed in mesoporous silica to form mesoporous
spheres. The excellent POD-mimetic catalytic ability and meso-
porous structure of Co-CeO, have achieved the quantitative assess-
ment of cellular glutathione levels, providing a potential analytical
tool for clinical diagnosis [80].

4.3.2. Alkaline-earth metals doped CeO, NZs

The doping of alkaline earth metals changes the electronic
structure and band gap size of CeO, NZs, which can promote more
electrons to convert to the conduction band and generate electron-
hole pairs. The electrons generated by the excitation react with O,
dissolved in water to form O,"~, and the holes react with water
molecules to form *OH. The effects of Mg, Ca, Sr and Ba doping on
CeO, NZs are detected [28]. The reduced grain size of Ba doped
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CeO, NZs, making it easier to penetrate the bacterial cell mem-
brane. Ba ions act as electron traps to reduce electron-hole pair
complexation and increase oxygen vacancies, promoting ROS for-
mation. The result presents the most excellent antibacterial activ-

ity.

4.3.3. Intercomparison of doping strategies

Doping transition metal can generate active sites and promote
catalytic reaction kinetics. It can adjust the electronic structure of
CeO, NZs and control the oxygen vacancy density. It is important
to enhance the multi-enzyme selectivity of CeO, NZs. The transi-
tion metal doping also induces the enzyme mimicking activity of
Ce0, NZs to produce special pH selectivity. It is conducive to break
the pH limitation of CeO, NZs mimicking enzyme activity in some
disease microenvironments. The doping strategies widely broadens
CeO, NZs application in disease treatment and sensing. Alkaline
earth metal ion doping acts as an electron trap which can lead
to a change in the band gap energy and slow down the electron-
hole pair complexation. This change promotes the generation of
ROS which is suitable for antibacterial and antitumor applications.
Despite the many advantages of doping modification, some poten-
tial risks should not be ignored. For example, Mn-doped CeO, NZs
show 13 times higher POD-mimetic activities than pure CeO, NZs
[111]. Concerns remain about whether the excessive generation of
free radicals may induce toxicity to cells in vivo. Therefore, it is
necessary to focus on the balance between activity and safety.

4.4. Biosafety comparison of modification strategies

To extensively widen the application of the three modifi-
cation strategies in the clinical transformation of CeO, NZs,
the biosafety of the three modification methods is summarized
from four aspects: cytotoxicity, hemolysis, animal blood rou-
tine indexes and biochemical indexes in Table 2 [16,19,83,84,88-
90,96,99,102,103,107,112]. Most of the three modification strategies
are no cytotoxic along with the cell viability beyond 80% at con-
centrations of 100 or 200ng/mL. Especially the natural polymer-
modified CeO, NZs remains non-cytotoxic even at high concentra-
tions. Dextran and cellulose-modified CeO, NZs are safer at high
concentrations compared to that of other modification methods.
CeO, NZs tends to accumulate in the liver and spleen [113]. It is
also vitally important to note that cytotoxicity experiments with
CeO, NZs should examine the viability of normal liver, spleen and
lung cell lines in addition to the selection of disease-related cell
lines. In terms of hemolysis, available data indicate that CeO, NZs
with cell membrane biomimetic modification have a hemolysis rate
of <5%, indicating preferable blood compatibility. The use of clin-
ical assays to characterize the biosafety of CeO, NZs promotes
its clinical relevance. None of the indexes present in the Table
2 are significantly different from healthy mice. The natural polymer
surface modification and cell membrane biomimetic modification
CeO, NZs have superior in vivo biosafety. Although there are no
significant differences, the cell membrane mimetic modifications
still show elevated aspartate aminotransferase (AST), alkaline phos-
phatase (ALP) and blood urea nitrogen (BUN). This phenomenon
reminds us it is highly necessary to focus on the status of liver and
kidney functions after administration CeO, NZs involving its mod-
ification compounds. Overall, natural polymer surface modification
and cell membrane biomimetic modification strategies behave bet-
ter biosafety. For doping strategies, the current explorations about
in vivo safety are bare and still need to be focused in the future.

5. Potential clinical applications

The three strategies provide a solid foundation for the us-
age of CeO, NZs in biomedical applications. The section focuses
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Table 2
Comparison of cytotoxicity, hemolysis rates, animal blood routine indexes and biochemical indexes of three modification strategies.
Modification strategy Cytotoxicity Hemolysis  Animal level indicator Ref.
Cell type ? Concentration  Cell viability Blood routine index b Biochemical index ©
PEG modification L-02 cells 50 pg/mL Ce0, NZs (36.7%); — — — [83]
PEG-CeO, NZs (~80%)
PAA modification Saos-2 cells 100 pg/mL PAA-CeO, NZs — — — [84]
(>100%)
Dextran modification NIH3T3 cells 1000 pg/mL Dextran-CeO, NZs - RBC (~8.5 x 10'2/L), WBC  ALT (~40U/L), AST [88]
(>80%) (~6 x 10°/L), LYM (~200U/L), UREA
(~4 x 109/L), neutrophil (~20pmol/L), CREA
(~3 x 10°/L), PLT (~20pmol/L), LDH1
(~240 x 10°/L), HGB (~19UJL), CK (~3000U/L)
(~120g/L)
Chitosan modification HFF cells 200 ug/mL Chitosan-CeO, NZs — — — [90]
(99.82 %)
Cellulose modification Hela cells 1000 pg/mL Cellulose-Ce0O, NZs — — — [89]
(~90%)
Red blood cell membrane  HK-2 cells 200 pg/mL Modified CeO, NZs ~2.5% - ALT (~21U/L), AST [16]
modification (~100%) (~110U/L), BUN
(~6.5mmol/L), TP
(~50g/L)
Macrophage cell RAW264.7, 200 pg/mL Modified CeO, NZs <0.1% MCV (~44 fL), MPV (~6.5 ALB (~30g/L), ALP [103]
membrane modification HUVECs, (~80%) fL), RBC (~10 x 10'2/L), (~18UJL), BUN
Chondrocyte UREA (~9 mmol/L) (~25mmol/L), ALT
(~50U/L)
Platelet membrane HUVECs 200 pmol/L Ce0, NZs (~87%), 1.29% PLT (~1.1 x 109/L) ALT (~22UJL), AST [99]
modification Modified CeO, NZs WBC (~2 x 10%/L), RBC (~125U/L), BUN
(~125%) (~8 x 10'2/L), HGB (~4.4mmol/L), CREA (~70
(~112g/L) pmmol/L), HDL
(~1.3 mmol/L), LDL
(~4 mmol/L), TC
(~12 mmol/L), TG
(~1.4 mmol/L)
HelLa cervical cancer cells HeLa cells 200 ug/mL Modified CeO, NZs ~0.5% — ALT (~20U/L), AST [102]
membrane modification (~10%) (~38UJL), BUN
(~8 mmol/L), TP (~68 g/L),
ALB (~38g/L)
Apoptotic chondrocytes RAW264.7, 200 pg/mL Modified CeO, NZs <2% RBC (~8 x 10'2/L), WBC ALT (~26 U/L), AST [96]
membrane HUVECs, (~95%) (~7 x 10°/L), LYM (~170U/L), CREA (~14
Chondrocyte (~3.8 x 10°/L), HCT pmmol/L), ALP (~100U/L)
(~38%), PLT
(~1200 x 10°/L), HGB
(~100g/L)
Cu-doped CeO, NZs hGF cells, 200 ug/mL Cu-doped CeO, NZs —— RBC (~11 x 10'2/L), WBC  —— [19]
hPDLSc cells (~98%) (~8 x 10°/L),
Zn-doped CeO, NZs HepG2 cells 100 pg/mL Zn-doped CeO, NZs —— —— —— [112]
(~74%)
Pd-doped CeO, NZs NIH3T3 cells 250 ug/mL Pd-doped CeO, NZs —— —— —— [107]

(~90%)

3 L-02 cells: human normal liver cells; Saos-2 cells: human osteosarcoma cell line; NIH 3T3 cells: mouse embryonic fibroblast cells; HFF cells: human foreskin fibroblast
cells; HeLa cells: human cervical cancer cell line; HK-2 cells: human renal cortical proximal tubular epithelial cells; RAW264.7: mouse monocyte macrophage leukemia cells;
HUVECs: human umbilical vein endothelial cells; Chondrocyte: cartilage cells; hGF cells: human gingival fibroblasts; hPDLSc cells: human periodontal ligament stem cells.

HepG2 cells: human hepatocellular carcinoma cells.

b RBC: red blood cell; WBC: white blood cell; LYM: lymphocyte; PLT: platelets; HGB: hemoglobin; MCV: mean corpuscular volume; MPV: mean platelet volume; HCT:

hematocrit.

¢ ALT: alanine aminotransferase; UREA: urease; CREA: creatinine; LDH1: lactate dehydrogenase; CK: creatine kinase; TP: total protein; ALB: albumin; HDL: high density

lipoprotein; LDL: low density lipoprotein; TC: total cholesterol TG: triglyceride.

on the potential clinical applications of CeO, NZs, exploring how
these high-performance CeO, nanocomplexes to preferably meet
the challenges of a wide range of diseases. The concerns are ad-
dressed to facilitate their clinical translation. Potential therapeu-
tic effects of CeO, NZs exist for ischemic stroke, Alzheimer’s dis-
ease (AD), acute lung injury, atherosclerosis, acute kidney injury,
inflammatory bowel disease, osteoarthritis and skin wounds [6,13].
The potential mechanisms are illustrated in Fig. 6. The represen-
tative researches in latest three years are summarized in Table 3
[96,99,101,114-128].

5.1. Diseases of the nervous system

In the treatment of neurological disorders, nanomaterials
emerge as attractive candidates for drug delivery across the blood-

brain barrier [129,130]. In most studies, the design using targeted
modification of CeO, NZs and combined application of neuropro-
tective agents [119,120]. Even at low concentrations, nearly 90% of
free radicals is inhibited. Interestingly, the integrity of the blood-
brain barrier still maintained along with reducing the area of cere-
bral infarction, and restoring neurological function [119,120]. AD
requires multi-targeted therapy. CeO, NZs are often used in com-
bination with A8 aggregation inhibiting drugs and hyperphospho-
rylation of Tau proteins [116,123,131-133].

5.2. Diseases of the respiratory system

Nano-system by co-delivery strategy using the synergistic effect
of Ce0, NZs and drug is designed to reduce inflammation and al-
leviate pulmonary edema induced through acute lung injury [117].
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Table 3
Representative studies on the potential applications of CeO, NZs for the treatment of diseases.
Potential application Modification and Antioxidant: free In vivo model and Safety Clinical perspective Ref.
synergy ? radical scavenging administration route®
Ischemic stroke DSPE-PEG,;-TPP Inhibition rate of MCAO-induced Metabolized Multi-stage [120]
modified: elevate 2pg/mL; TPP@ ischemic stroke, SD within 14 days interventions for
targeting; ROF: (CeO3+ROF): ABTS™ rats; i.v. disease
repair damaged (~90%), "OH (~90%) progression
nerves
PEG modified: prolong Inhibition rate of MCAO/R-induced No toxicity seen Acts at different [119]
cycle time; NBP: 0.96 pg/mL ischemic stroke, after 14 days stages of the
repair damaged NBP-CeO, NPs: C57BL/6 mice; i.v. disease
nerves ABTS** (~90%), "OH
(~98%)
AD MSN: load NIR+CICe@M-K: the APP/PS1 CE mice; i.v. No toxicity seen Multi-targeted [123]
composition; fluorescence after 30 days therapy
curcumin: inhibit AB intensity of the ROS
aggregation, probe was
antioxidant; IR780: significantly reduced
photosensitizer
Immobilized;
peptide K: targeted
Resveratrol: LMC-RES: GSH AD, 5xXFAD mice; i.v. No toxicity seen Improve the [116]
antioxidant; (3.2-fold) and SOD after 8 weeks bioavailability of
Lactoferrin-modified: (2.9-fold) compared resveratrol
elevate targeting and to controls
biocompatibility
Acute lung injury Curcumin: 2ng/mL CeO, LPS-derived acute lung No toxicity seen Improving the [117]
anti-inflammatory demonstrate injury, C57BL/6 after 14 days bioavailability of
and antioxidant significant ABTS** mice; tracheal curcumin
scavenging activity nebulization
Macrophage Inhibition rate of LPS-derived acute lung Clear in 7 days, no Real-time [101]
membranes: boost HCe-TTF@M (at injury, BALB/c mice; toxicity seen at diagnosis and
targeting, fluorescent 100 pg/mL of CeO,): inhalation 48h (blood, intervention
probe T-TF: imaging ‘OH (73 %), H,0, organs)
(~90%), 0" (60%)
Respiratory syncytial — 25 pg/mL Cubic RSV line 19 - Early intervention [122]
virus infection CNPs-processed ROS: virus-infected
2 x 10° RFU/mg BALB/c] mice;
protein intranasal instillation
Atherosclerosis Platelet membranes: Inhibition rate of High-fat diet fed, No toxicity seen Efficient drug [99]
improve targeting PCZ@PB NCs: 0y ApoE~/~ mice; i.v. after 2 months delivery
(80%) within 24 h
Macrophage exosomes: Ability to remove 'OH High-fat diet fed, No toxicity seen Precision therapy [125]
carrier, targeted; and 0y~ ApoE~/~ mice; i.v. after 14 days
SNHG12 gene: repair
endothelial cell
Inflammatory bowel Eudragit S100 Inhibition rate of DSS-induced No toxicity seen Multi-targeted [118]
disease encapsulated: 20 ng/mL inflammatory bowel after 10 days therapy
protects CeO, and Ce0,@S5100: 0, disease, BALB/c
reduce non-specific (~60%) mice; oral
distribution administration
Eudragit S100: Inhibition rate of DSS-induced No toxicity seen Dual-targeted and [121]
protects CeO, and TJ-5/DSS/MCN: ‘OH inflammatory bowel after 10 days synergistic
reduce non-specific (~30%), H,0, disease, BALB/c therapy
distribution; dextran (~65%) mice; oral
sodium sulfate: administration
boost targeting
Acute kidney injury Citric acid Inhibition rate of Iohexol-induced acute No toxicity seen Early diagnosis [115]
modification: elevate 400 pg/mL CeO,: "OH kidney injury, KM after 21 days
stability (~40%), 0y~ mice; i.v.
(~80%), ABTS*"
(~90%)
PEG-folic acid Inhibition rate of LPS-derived acute Largely Suitable for [124]
conjugate 1pg/mL Ce-FA: H,0, kidney injury, metabolized diseases
modification: (65%), 02"~ (70%) C57BL/6 mice; i.v. after 48 h associated with
improve targeting hypoxia
Urinary tract Dextran modification: Inhibition rate of E. coli CFT073-derived DEC10 can be Suitable for many [126]

infection

anti-adhesion

100 ug/mL DEC70:
DPPH (~60%),
ABTS* (~45%)

urinary tract
infection, C57BL/6]
mice; i.v.

metabolized out
of the body
within 4 h

conditions of
urinary tract
infections

(continued on next page)
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Potential application Modification and Antioxidant: free In vivo model and Safety Clinical perspective Ref.
synergy 2 radical scavenging administration route®
Osteoarthritis Apoptotic chondrocyte 0-100 pg/mL MIA-induced No toxicity seen Prolongs drug [96]
membranes: boost DEX@HMCeNs@M: osteoarthritis, SD after 24 days retention time
targeting the UV-visible rats; intra-articular
Dexamethasone: absorption peaks of injection
anti-inflammatory DPPH, ABTS*" and
*NO are reinforced
Fe,03 NPs Inhibition rate of Bone-deficient, SD No toxicity seen Intelligent [114]
microspheres: CSH-CeO,-pFe;03 rats; intra-articular after 8 weeks response
promote cartilage hydrogels containing injection
regeneration 0.5 mmol/L CeO,:
Hydrogel formation DPPH (~14.5%)
by thiol-modified
type I collagen
Cutaneous wounds Fibrous scaffold of Inhibition rate of Full-thickness skin No toxicity seen Promoting wound [127]
Bletilla striata EBCP: "OH (~65%), injury, SD rats; after 10 days healing in
polysaccharide/poly(lactic- H,0, (~60%), DPPH topical treatment multiple ways
co-glycolic acid) (~75%)
Epidermal growth
factor: accelerate
wound healing
y-PGA-SH and AM as Inhibition rate of STZ-induced diabetic No toxicity seen Promoting wound [128]

hydrogel matrices
Vancomycin:
antimicrobial

PACV: "OH (~80%)

wound, SD rats;
topical treatment

after 14 days

healing in
multiple ways

3 DSPE-PEG: bis(1,2distearoyl-sn-glycero-3-phosphoethanolamine)-N-[(poly(ethylene glycol))-2000; TPP: triphenylphosphine; ROF: roflumilast; MSN: mesoporous silica
NPs; NBP: DI-3-n-butylphthalide; T-TF: a highly fluorescent NIR-II AIE luminogens; SNHG12 gene: small nucleolar RNA host gene 12 Gene; TJ-M2010-5: a small molecule
inhibitor of MyD88; y-PGA-SH: thiol groups grafted onto poly-y-glutamic acid; AM: acrylamide.

b MCAO: middle cerebral artery occlusion; intravenous injection: i.v.; SD: Sprague-Dawley; MCAO/R: middle cerebral artery occlusion/recanalization; APP/PS1: amyloid beta
precursor protein/presenilin 1; LPS: lipopolysaccharide; ApoE: apolipoprotein E; DSS: dextran sodium sulfate; MIA: monoiodoacetate; STZ: streptozotocin.
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Fig. 6. Mechanisms related to the antioxidant effect of CeO, NZs for potential clin-
ical applications utilizing SOD and CAT-mimetic activity. In nervous system, CeO,
NZs can easily penetrate the blood-brain barrier, exerting antioxidant and anti-
inflammatory effects to repair damaged neurons and the blood-brain barrier. For
the respiratory system, CeO, NZs can catalyze the consumption of many types of
ROS, thereby reducing the inflammation of acute lung injury. For the circulatory
system, CeO, NZs can relieve atherosclerosis-induced oxidative stress, inflammation
and remove plaque. For the urinary system, the smaller size of CeO, NZs can tar-
get the kidneys, relieve oxidative stress and inflammation and repair the damaged
kidneys. For the digestive system, CeO, NZs can electrostatically target positively
charged intestinal tissues through surface modification, thereby scavenging ROS and
alleviating inflammation. For the skeletal system, CeO, NZs can scavenge ROS and
reduce inflammation, which in turn repairs damaged bone tissue. For skin wounds,
Ce0, NZs scavenge ROS and reduce inflammation through antioxidant action, while
also acting as a pro-oxidant to kill bacteria, ultimately promoting tissue regenera-
tion.

The wide distribution of CeO, NZs in vivo and the lack of track-
ing imaging tools after administration usually lead to adverse ef-
fects and impaired therapeutic efficacy. Therefore, studies have de-
veloped strategies to accurately monitor and control the distribu-

tion of CeO, NZs in vivo [101]. It is rarely reported CeO, NZs treat-
ment of respiratory syncytial virus infection. The therapeutic effect
is mainly related to the shape of the CeO, NZs. Cubic CeO, NZs are
superior to spherical CeO, NZs in reducing both ROS levels and M1
macrophages [122].

5.3. Diseases of the circulatory system

The formation of atherosclerosis is primarily due to ROS that
contribute to the oxidation of low-density lipoprotein (LDL) to
Ox-LDL. The process exacerbates the inflammatory response [134].
Majority of the current CeO, nanocomplexes have been modified
through cellular engineering to target atherosclerotic plaques. It
can inhibit the generation of ROS and foamy macrophages to repair
the endothelial cells. This approach also boosts biosafety [99,125].

5.4. Diseases of the digestive system

Generally, the tissues are positively charged due to the large
amount of eosinophil cationic proteins and transferrin in the
colonic tissues of inflammatory bowel disease patients [135]. Most
of CeO, NZs for the treatment of inflammatory bowel disease are
prepared based on the electrostatic targeting, via coating with neg-
atively charged HA, PAA, or assembled by growing CeO, NZs in
situ on negatively charged montmorillonite [136-138]. Because of
the susceptibility of drugs degradation through gastric acid in the
stomach, CeO, NZs can be delivered by coated with enteric ma-
terial or encapsulated in hydrogel carrier to acquire ideal healing
effect [88,118,121].

5.5. Diseases of the urinary system

It is easier for ultra-small CeO, to pass through glomerular fil-
tration and act directly on renal tubules to reduce oxidative stress
and inflammatory response, and then protect renal function [115].
From the perspective of alleviating renal hypoxia, CeO, nanocom-
plexes can produce O, through decomposing ROS and reducing
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xanthine oxidase activity [124]. CeO, NZs modified with glucose
as an anti-adhesion component effectively scavenge ROS and re-
strain FimH-mediated bacterial adhesion for effective treatment of
urinary tract infections [126].

5.6. Diseases of the musculoskeletal

Drugs entering the joint cavity are rapidly eliminated through
the synovial lymphatic and vascular systems of the joints [139].
CeO, NZs coated with apoptotic chondrocyte membranes enhances
the localization and retention in the cartilage and facilitates the
action of CeO, NZs [96]. Encapsulation of CeO, NZs in hydrogels
can boost lubrication, protect damaged joints and promote carti-
lage regeneration [114]. CeO, NZs are often used in combination
with substances to protect cartilage, promote bone regeneration or
being used as carriers for the delivery of anti-rheumatic drugs for
the treatment of rheumatoid arthritis [140,141].

5.7. Skin

Skin wounds are usually divided into acute and chronic cate-
gories [142]. The wound healing process mainly consists of four
stages: hemostasis, inflammation, proliferation and remodeling. Ex-
cessive release of ROS give rise to persistent inflammation and
the formation of chronic wounds [143]. Most studies focus on
the scaffolds and dressings containing CeO, NZs. The fibrous scaf-
folds containing epidermal growth factors and CeO, NZs is pre-
pared through electrostatic spinning technology [127]. The ad-
vantage of CeO, NZs composite hydrogel as wound dressing lies
in strong antioxidant capacity and tissue regeneration promoting
function. Moreover, its three-dimensional porous structure can be
long-lasting slow release of CeO, NZs synergizing with the wet-
ting, mechanical barrier effect and anti-inflammatory properties of
the hydrogel to achieve multi-effective and synergistic treatment of
wound repair [128,144,145]. Green synthesis of CeO, NZs in bacte-
rial cellulose-based composite films is fabricated using curcumin as
precipitant. Focus on the application of CeO, NZs as an antimicro-
bial agent in wounds. The nanocomposite membranes exhibit the
most significant antibacterial activity against E. coli and B. subtilis
while maintaining superior cytocompatibility [146]. CeO, NZs ap-
pear a desirable UV shielding effect. Utilizing natural kaolin nan-
otubes control the growth of CeO, NZs which provides excellent
UV protection for the skin [147]. However, it still lacks more sys-
tematically specific studies on skin UV protection.

5.8. Antimicrobial applications

Bacterial infections are characterized by higher morbidity and
mortality. CeO, NZs adsorb to the cell membrane of bacteria via
electrostatic attraction, which causes the cell membrane to rup-
ture, leading to leakage of cell contents [148,149]. The generation
level of ROS can be increased due to the POD- and OXD-mimetic
activities of CeO, NZs. ROS can reduce the fluidity of cell mem-
brane, which further exacerbate cell membrane damage, alter the
structure and function of proteins and DNA as well as cause the
death of bacterial. The modification of CeO, NZs can further boost
the ability to kill drug-resistant bacteria. Cu-doped CeO, have dis-
played almost complete sterilization of multiple-resistant Staphy-
lococcus aureus (MRSA) and E. coli in the presence of H,0, [19].
Novel cerium-silver nanozymes completely kill MRSA and S. aureus
along with the prolong the action time [150].

5.9. Antitumor applications

The antitumor effect can be reinforced based on the multi-
species enzymatic activity of CeO, NZs. The amphiphilic peptide
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conjugated CeO, NZs combined with PDT treatment result in a sig-
nificant increase in ROS levels in tumor cells to achieve the sig-
nificant tumor growth inhibition [151]. Linear Cu-doped CeO, NZs
combined with Doxorubicin treatment exhibit a threefold reduc-
tion in tumor volume compared to that of the mice treated with
Doxorubicin alone [152]. Based on the OXD- and POD-mimetic cas-
cade catalytic activities of CeO, NZs, O, can be directly catalyzed
to ‘OH. However, the tumor microenvironment is hypoxic. CeO,
NZs can also exert CAT-mimetic activities to decompose H,0, into
produce O, and alleviate tumor hypoxia [102].

5.10. Limitations and prospective analysis of the clinical translation
of CeO, NZs

The potential clinical perspectives of the above applied stud-
ies have been demonstrated in Table 3. CeO, NZs have shown
great potential in multi-stage intervention of diseases, ranging
from antioxidation, anti-inflammation to protecting damaged tis-
sues. Through surface modification and cell membrane biomimetic
modification, CeO, NZs have achieved precise delivery and multi-
target therapeutic effect. In addition, CeO, NZs have the function
of combining diagnosis and treatment. It can monitor the distribu-
tion of CeO, NZs in the body in real time, evaluate its therapeutic
effect, and provide new strategies for the early diagnosis and inter-
vention of diseases. Despite the biomedical potential of CeO, NZs,
less progress has been achieved in translating it into clinical prac-
tice due to safety and technical aspects. Safety is always an impor-
tant criterion for application. Most of the articles focus on the ther-
apeutic effect of CeO, NZs, and the safety only included cytotoxi-
city assays, hemolytic assays, and hematoxylin-eosin staining, etc.
Here is a four-point summary of the safety challenges faced dur-
ing the clinical translation of CeO, NZs, which are more important
to consider while designing high-performance CeO, NZs nanocom-
plexes.

The first is long-term toxicity. It has been shown that the den-
sity of hepatocyte apoptosis is maximized on day 30 after the time
of CeO, NZs administration [153]. Under prolonged exposure, CeO,
NZs enable to penetrate the alveolar space and induce a sustained
inflammatory response [154]. Most studies focus on about 14 days
after administration, which is insufficient to observe the long-term
toxicity of CeO, NZs. The second is high-dose toxicity. Long-term
exposure to higher CeO, NZs doses (>100mg/kg) cause enteritis
and changes in intestinal flora compositions [155]. Most studies
only set a single dose in animal studies and lack an examina-
tion of dose toxicity. This failure to establish a safe dosage range
hinders clinical translation. In the future, different dose groups
should be established in vivo biosafety analyses, especially higher
dose groups, to determine the dose threshold toxicity occurs. The
third is the effect of different administration routes. It has been
shown that intravenously and intraperitoneally administered CeO,
NZs show maximum deposition in spleen followed by liver, lungs
and kidneys. Oral administration does not lead to significant ac-
cumulation in any organ except lungs [156]. Exploring appropriate
routes of administration that bring out less accumulation in non-
target tissues and lower toxicity in specific diseases can accelerate
the clinical translation of CeO, NZs. The fourth is the stabilization
in physiological media involving the appropriate interactions with
the body. Modification strategies to improve stability are also men-
tioned in the previous section.

6. Summary and outlook

In this review, the catalytic properties of CeO, NZs and influ-
encing factors are described. The green preparation methods are
simple, environmentally friendly, and conducive to the stabiliza-
tion of CeO, NZs, including plant, microbial, and food-mediated.
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Fig. 7. The important role of CeO, NZs improvement methods in the biomedical
field and the challenges.

Surface modification, cell membrane biomimetic modification, and
metal doping to reinforce the stability, biocompatibility, targeting
and to improve the mimetic enzyme activity and selectivity of
Ce0, NZs are discussed. To date, CeO, NZs, a biomedical tool with
great potential, have presented promising research perspectives in
the fields of disease therapy.

Improvements in the preparation and properties of CeO, NZs
advance its research in the biomedical field. Fig. 7 summarizes the
important role of CeO, NZs improvement methods in the biomed-
ical field and the challenges. In addition to limited morphologi-
cal diversity, the lack of in vivo studies is also a limitation of the
green preparation technique. Consequently, it is extremely neces-
sary to further explore the stability, biocompatibility and activity of
green synthesized CeO, NZs. In surface modification, it is essential
for the screening of appropriate coating thickness to modulate the
properties of CeO, NZs. Thinner-coated CeO, NZs can be prepared
by in situ procedures and thicker coated CeO, NZs by a stepwise
procedure [39]. In the bionic cell membrane modification meth-
ods, it is more difficult to industrialized production attributed to
the complicated preparation process [77]. Future work should sim-
plify cell membrane extraction or explore artificial membranes as
alternatives. Moreover, it is necessary to investigate whether the
proteins on certain cell membranes cause adverse effects on the
human body. For doping modification, it still lacks the comparison
between different metal dopants. In subsequent studies, computa-
tional simulations can be performed by methods such as density
functional theory to reveal how different dopants affect the cat-
alytic process of CeO, NZs. Comparison of free radical scavenging
and in vitro antimicrobial experiments also should be carried out
to obtain metal-doped CeO, NZs with higher activity.

To identify the core competencies and potential risks of CeO,
NZs in the biomedical field, it is vitally essential to conduct a
comprehensive analysis of the strengths, weaknesses, opportuni-
ties, and threats (SWOT) of CeO, NZs as shown in Fig. S1 (Sup-
porting information). Currently, CeO, NZs still lack a standardized
clinical efficacy assessment protocol, and the absorption, distribu-
tion, metabolism, excretion process in humans is unclear. The liver
and spleen are currently considered to be the main organs where
Ce0, NZs accumulates and distributes [113]. Therefore, safety stud-
ies should be performed for the liver and spleen. Monitoring of
cerium concentrations in tissues at different days after administra-
tion or the use of cerium tracking techniques are possible meth-
ods to assess the distribution of CeO, NZs in vivo. Additionally,
the metabolism and excretion of CeO, NZs can be informed by
long-term monitoring of its timely removal. Large-scale production
of CeO, NZs products has not been broken through yet. Conse-
quently, process amplification, equipment selection, process design
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and other aspects are very important. Meanwhile, it is necessary
to realize green production of CeO, NZs as much as possible.
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