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ABSTRACT 

Silicosis is a progressive fibrotic lung disease precipitated by chronic inhalation of 
crystalline silica. Uptake of silica particles by alveolar macrophages initiates a cascade 
of persistent inflammation and oxidative stress, in which reactive oxygen species (ROS) 
are key mediators of cellular injury and fibroproliferative remodeling. This review 
synthesizes the current knowledge of ROS species and signaling in silicosis and 
evaluates nanomaterial-based antioxidant strategies with an emphasis on cerium 
oxide nanoparticles (CeO2NPs). We examine the mechanistic attributes of CeO2NPs – 
including reversible Ce3+/Ce4+ redox cycling and enzyme-mimetic superoxide 
dismutase/catalase-like activities – that underpin ROS scavenging, and appraise their 
therapeutic potential, delivery considerations, and constraints. In parallel, we highlight 
opportunities and challenges associated with alternative platforms such as gold, silver, 
and iron-oxide nanoparticles for mitigating silica-induced oxidative injury. Among these 
modalities, unresolved issues include the standardization of characterization, dose‒r
esponse relationships, long-term biodistribution and clearance, immunotoxicity, inter
ference with physiological redox signaling, and optimization of drug loading for 
combination therapies. Addressing these biosafety and payload questions through 
rigorous in vitro and in vivo studies will be essential to advance nanomaterial- 
enabled interventions for silicosis and related pulmonary diseases toward clinical 
translation. 
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1. Introduction 

Silicosis is a serious occupational lung disease and a subtype of pneumoconiosis, distinguished by the 
formation of silica nodules and extensive pulmonary fibrosis. This condition results from the prolonged 
inhalation of significant quantities of free silica (SiO2) dust particles (Greenberg et al. 2007; Leung et al.  
2012). A vast number of workers are exposed to silica worldwide, with over 230 million people in total, and 
this population faces a significantly elevated risk of developing pneumoconiosis (Sherekar et al. 2025). The 
pathogenesis of silicosis is intricately linked to a sequence of biochemical reactions that follow the 
phagocytosis of silica dust by macrophages (Götze et al. 2021; Zhang et al. 2021). Upon the ingestion of 
silica dust by macrophages, the stability of the lysosomal membrane within these cells is disrupted. This 
disruption results in the release of hydrolases, leading to cell lysis and subsequent cell death. Consequently, 
silica dust is repeatedly engulfed and released, thereby generating a significant amount of reactive oxygen 
species (ROS) (Fubini and Hubbard 2003; Rimal et al. 2005; Pollard 2016; Lee et al. 2017; Kumari et al. 2023). 
ROS play a crucial role in biological systems by regulating critical physiological processes. However, 
excessive ROS levels can induce cellular damage and apoptosis (Schieber and Chandel 2014; 
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Hameister et al. 2020). Under oxidative stress, macrophages and alveolar epithelial cells release large 
amounts of inflammatory factors, leading to the sustained amplification of inflammatory signaling path
ways (Sun et al. 2025; Ma et al. 2025). As these signals intensify, the death and lysis of pulmonary cells 
increase progressively, initiating a cycle of injury and repair in lung tissue. This eventually drives the lung 
tissue into a fibrotic phase (Wang et al. 2025). During this process, fibroblast activation and myofibroblast 
differentiation occur, accompanied by excessive deposition of collagen and other extracellular matrix 
components. Consequently, the lung parenchyma is disrupted, further driving the progression of pulmo
nary fibrosis (Wan et al. 2023, 2024; Chen et al. 2025). Ultimately, the synergistic effects of inflammatory 
propagation and fibrotic deposition lead to the destruction of pulmonary structures and the development 
of diffuse fibrosis. These pathological alterations collectively characterize silicosis as a progressive and 
irreversible disease process (Yang et al. 2025). 

Based on this, nanomaterials are promising candidates for the search for antioxidants with excellent 
antioxidant properties and high bioavailability. Compared with small-molecule enzyme antioxidants, 
nanozymes exhibit greater antioxidant capacity and additional advantages. For example, synthetic enzymes 
can mimic the function of natural enzymes and are not affected by environmental conditions, making them 
potentially valuable for antioxidant applications. Cerium oxide nanoparticles (CeO2NPs) are also called as 
Ceria Nanoparticles (Song et al. 2014), represent an important class of inorganic materials, and have 
extensive applications across diverse fields. Owing to their remarkably high oxygen storage capacity, 
CeO2NPs are commonly employed in catalysis (Nyoka et al. 2020; Pan et al. 2024). Specifically, it functions 
as a highly effective catalyst for the purification of automobile exhaust, thereby significantly diminishing 
the emissions of noxious gases (Abdulwahab et al. 2023). CeO2NPs have broad applications in biomedicine 
and have been proposed as highly promising nanomedicines in human medicine. 

Regarding the material's characteristics, the Ce3+/Ce4+ ratio endows CeO2NPs containing rare-earth 
elements with unique functions in scavenging free radicals and preventing oxidative damage. 

Based on this feature, CeO2NPs can be considered for removing free radicals in silicosis to slow the 
progression of silicosis (Qin et al. 2019; Zhong et al. 2020). Currently, the issue of the biological toxicity of 
CeO2NPs remains a subject of ongoing controversy. While some studies have indicated that, at a specific 
concentration, CeO2NPs can induce adverse effects in cells, such as oxidative stress, other studies suggest 
that their biological toxicity is relatively low. Typically, the toxicity of CeO2NPs is linked to several factors, 
such as particle size, concentration, and exposure routes. Given these circumstances, conducting in-depth 
investigations into the role of nanomaterials, with particular emphasis on CeO2NPs, is essential for 
addressing the ROS problem in silicosis. This paper discusses the enzymatic antioxidant properties of 
CeO2NPs and examines their potential for treating lung diseases and nanoparticles. In parallel with other 
works, dialectical consideration of the nature of nanomaterials is crucial. The pursuit of leveraging their 
potential to provide direction and inspiration for future nanomaterial-based diagnosis and treatment 
necessitates awareness of associated risks. Through such dialectical contemplation, the potential for 
incalculable harm can be better avoided, ensuring optimal utilization of nanomaterials to benefit humanity 
and society (Figure 1). 

2. Role of ROS in silicosis 

2.1. The species of ROS and their applications in biomedicine 

ROS, oxygen-containing, chemically reactive species generated during diverse biochemical reactions within 
organelles, are pivotal in modulating various physiological functions in organisms. ROS serve as essential 
mediators of organismal growth, adaptation to diverse conditions, and aging. Interestingly, they are also 
significantly associated with nearly all diseases (Yang et al. 2019; Chianese and Pierantoni 2021; Jafari et al.  
2022; Ren et al. 2022; Sahoo et al. 2022). The incomplete reduction of oxygen leads to the generation of a 
series of molecules termed ROS, which include hydrogen peroxide (H2O2), hypochlorous acid/hypochlorite 
(HOCL/CLO–), hydroxyl radicals (•OH), superoxide anion radical (O–

2•), and singlet oxygen (1O2) (Wu et al.  
2019; Kwon et al. 2021; Chaudhary et al. 2024). 

ROS play important roles in cell biology, including signal transduction, the regulation of nitric oxide 
production, oxidative bursts for phagocytic function, oxygen level sensing, and cell apoptosis, which are 
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crucial in human life (Figure 2) (Rani and Chawla 2018). Low levels of ROS are beneficial; however, when 
exogenous stimuli prompt the body to generate excessive ROS, adverse effects may occur. ROS can cause 
the oxidation of DNA, proteins, or lipids, leading to cell death (Prasad et al. 2017; Rendra et al. 2019; Sies 
and Jones 2020). From a biological perspective, the cytotoxicity of ROS is dual in disease. In treating cancer, 
it can be either a tumor inhibitor or a tumor promoter. ROS facilitate cancer cell invasion and metastasis in 
the later stages of tumor progression by activating the nuclear factor-κB (NF-κB) and mitogen-activated 
protein kinase (MAPK) pathways. 

Nevertheless, when ROS exceed a specific threshold, they promote cell-cycle arrest and induce apoptosis 
in cancer cells. Because an abnormal increase in ROS levels can induce apoptosis through intrinsic and 
extrinsic pathways, ROS are considered tumor inhibitors in clinical treatment (Sahoo et al. 2022). Most 
chemotherapeutic agents are used to induce ROS production, thereby leading to cell death (Du et al. 2021; 
ArulJothi et al. 2022; Verma et al. 2023). ROS play a crucial role in kidney disease as key contributors to 
kidney damage (Ishimoto et al. 2018). Because ROS also regulate the formation of venous thrombosis, 
antioxidants can be employed to modulate several key processes in venous thrombosis (Gutmann 
et al. 2020). 

Additionally, oxidative stress is widely acknowledged as a significant participant in the patho
physiology of numerous brain diseases, particularly neurodegenerative disorders such as Alzheimer's 
disease and Parkinson's disease (Koga et al. 2016). Excessive production of ROS can lead to lipid 
peroxidation, DNA damage, enzyme inhibition, mitochondrial damage, and, ultimately, neuronal death. 
Simultaneously, it provides a new target for disease-modifying therapy. In biomedical applications, 
antioxidants have been proposed and evaluated for the treatment of epilepsy (Shekh-Ahmad et al.  
2019). During clinical treatment, the poor permeability of the central nervous system and the rapid 
depletion of oxidants pose obstacles to antioxidant therapy. Hence, the development of a drug with 
high antioxidant activity to address diseases induced by oxidative stress is essential, underscoring the 
importance of identifying a suitable antioxidant drug for oxidative stress treatment. This antioxidant 
drug must first possess adequate antioxidant capacity. Secondly, it should have a sustained antioxidant 
effect. For this purpose, CeO2NPs with high oxidation resistance have been explored. In this work, the 
enzyme-like oxidation resistance of CeO2NPs and the challenges they face in application are discussed 
in detail. 

Figures 1. The treatment and challenges of CeO2NPs for silicosis and the prospects of nanomaterials in other lung 
diseases (Author-created).       
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Simultaneously, ROS, which play a favorable role in disease and can therefore be utilized for periodontal 
therapy and root canal disinfection, have been widely reported to be effective in antibacterial photo
dynamic therapy (Komine et al. 2022). Antimalarial drugs kill Plasmodium parasites by inducing ROS- 
mediated damage (Egwu et al. 2021). Therefore, the role of ROS in the body cannot be generalized and 
should be considered dialectically. In subsequent applications, further research is needed to better 
understand the complex mechanisms by which ROS affect diverse biological processes and to develop 
targeted therapies that modulate ROS levels for therapeutic benefit. 

2.2. Application of ROS in the diagnosis and treatment of silicosis 

When the lungs are healthy, the production and clearance of ROS are balanced. In silicosis, a large amount 
of silica accumulates in the lung without being cleared, thereby inducing excessive ROS production. This 
disrupts the balance of intracellular fluid components, leading to oxidative stress. Upon the onset of 
oxidative stress in the pulmonary parenchyma, excess ROS induce pulmonary cells to undergo apoptosis, 
leading to parenchymal damage. To repair the damaged lung tissue, the organism recruits cells, including 
macrophages and fibroblasts, to the injury site, thereby leading to irreversible pulmonary fibrosis (Noubade 
et al. 2014; Kapoor et al. 2019; Halliwell 2022). Notably, there is a diverse range of ROS. The specific ROS 
implicated in silicosis must be identified to enable more effective clinical assessment and treatment of this 
condition. In the experiment on quartz free radicals, H2O2, •HO, O–

2•, and 1O2 are subsequently generated in 
the quartz suspension (Figure 3) (Konecny et al. 2001). Based on the above conclusion, the influence of 
HClO/ClO should not be considered in the treatment of silicosis. Although ROS oxidize and readily induce 
inflammation, these properties can paradoxically be harnessed to inhibit fibroblast growth. 

Figure 2. The role of ROS in living organisms (Author-created).       
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This approach can slow or prevent fibrosis progression in the later stages of silicosis (Bai et al. 2024). 
Therefore, the effects of different substances on the organism change during disease. ROS can be regarded 
as therapeutic targets throughout the pathogenesis of silicosis. In the early stage of disease, leveraging the 
antioxidant property of CeO2NPs to inhibit ROS is considered a treatment approach. As the disease 
progresses to a later stage, when damaged lung tissue undergoes fibrosis, targeting free radicals to disrupt 
fibrotic cell growth and impede silicosis progression can achieve specific therapeutic effects. Importantly, 
during fibroblast inhibition, the ROS dose and delivery route are of paramount importance. CeO2NPs can be 
employed for drug targeting in the late-stage treatment of silicosis to prevent damage to other cells. 
Neither the properties of CeO2NPs nor the capabilities of ROS should be considered from a single 
perspective. Instead, a dialectical view of these two substances is required. A dialectical consideration of 
the properties of these substances is crucial for advancing relevant research or treatment. 

Although ROS exhibit dual roles in silicosis, most silicosis treatments target lung oxidative stress. In 
experiments conducted by Yunzhe et al., nebulized inhalation of linear poly (beta-amino ester) (LPAE)- 
HDAC10 nanocomplexes was used to treat silicosis (Tian et al. 2023). This approach has been used to 
increase histone deacetylase 10 (HDAC10) expression, reduce oxidative stress, and ultimately diminish 
oxidative stress, inflammation, and pulmonary fibrosis in silicosis. 

In summary, drugs with high antioxidant activity should be sought when addressing ROS in silicosis. The 
drug's bioavailability must be considered during clinical application or scientific research. Hence, with the 
aim of alleviating the pain of silicosis patients and retarding the aggravation of this disease, the exploration 
of a novel type of nanomaterial that can substitute for antioxidant drugs to prevent the oxidation of ROS 
has become a significant research focus. The impetus for this pursuit stems from the discovery of CeO2NPs, 
which exhibit remarkable antioxidant properties. Owing to their unique physicochemical characteristics, 
these nanoparticles can mimic the catalytic action of enzymes, enabling them to effectively scavenge and 
quench ROS during the treatment process. 

3. The antioxidant properties of nanomaterials have been used to deal with ROS in silicosis 

Nanomaterials represent one of the most promising frontiers in advancing antioxidant research (Sherekar 
et al. 2024). Nano-antioxidants, which possess long-term stability relative to small molecules, are less rapidly 

Figure 3. Macrophages are induced to lyse while releasing ROS after phagocytosing SiO2 particles (Author-created).       
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cleared by metabolism and can target specific sites (Morry et al. 2017). Some nanomaterials display inherent 
redox activity, which is typically associated with free radical capture and enzyme-like activity, for example, 
activities similar to superoxide dismutases (SOD) and catalases (CAT) (Valgimigli et al. 2018). By mimicking 
enzymatic properties, it shows the same antioxidant activity and performs well in experiments. These 
materials are often referred to as nanozymes, i.e. nanomaterials with enzyme-like features (Yang et al. 2024). 
Generally, enzyme-catalyzed reactions must occur under specific conditions. Researchers have recently 
focused on enzymes and are considering replacing natural enzymes with synthetic ones to avoid being 
constrained by particular application conditions. 

In contrast to natural enzymes, nanozymes are composed of bare nanoparticles or their functionalized 
derivatives. Nanozymes can overcome the high sensitivity of natural enzymes to environmental conditions 
such as pH, temperature, and other related factors (Yang et al. 2024; Jacob et al. 2024). Nanozymes are 
enzyme-like nanomaterials that resemble natural enzymes in size, shape, and surface charge (Qiu et al.  
2021). They are the primary defense against ROS such as superoxide and peroxide free radicals (D’Autréaux 
and Toledano 2007). 

The data show that most nanomaterials have both SOD and CAT activities. SOD, which is essential for 
defending cells against oxygen exposure, helps break down O2

- into O2 and H2O2 (Ighodaro and Akinloye  
2018). Meanwhile, CAT protects cells from damage caused by ROS by converting H2O2 into H2O and O2 

(Peng et al. 2023). The two enzymes exhibit complementary functions (Vincent et al. 2021). CAT can rapidly 
eliminate the toxic intermediate H2O2 produced by SOD. In the context of biological antioxidant defense 
mechanisms, the combined action of SOD and CAT has long been demonstrated to be effective in 
removing superoxides (Xu et al. 2022; Bardi et al. 2023). When employed in silicosis, it can effectively 
suppress and eliminate a significant quantity of ROS. Consequently, it mitigates the detrimental effects of 
ROS on lung cells and prevents oxidative stress in the lungs. 

The biological effects of nanomaterials require a dialectical perspective. On the one hand, CeO2NPs 
possess enzyme-like antioxidant properties, allowing them to function as artificial nanozyme substitutes. 
Their stability and catalytic efficiency surpass those of natural enzymes, an advantage that should be fully 
utilized. Equally important is a focused investigation into their interactions with complex biological systems 
(Saifi et al. 2021). CeO2NPs have been demonstrated to effectively scavenge and inhibit excessive ROS in 
silicosis. The ability of CeO2NPs to interact with endogenous antioxidant enzymes contributes to combating 
specific pulmonary lesions and inflammation caused by biomolecular damage resulting from elevated ROS 
levels in the body (Reuter et al. 2010). This is primarily achieved through reversible redox cycling between 
Ce3+ and Ce4+. CeO2NPs can directly mimic the cascade catalytic functions of SOD and CAT (Korsvik et al.  
2007; Pirmohamed et al. 2010). A key factor influencing the antioxidant activity of CeO2NPs is the surface 
Ce3+/Ce4+ ratio, which directly determines which enzyme activity they simulate (Heckert et al. 2008). In the 
early stages of silicosis, acute oxidative stress is the main pathological manifestation and is characterized by 
a sudden surge in ROS production. Endogenous antioxidant enzymes are often rapidly depleted. In 
contrast, the catalytic capability of CeO2NPs is less affected by environmental factors and can sustain its 
effect over time, providing immediate protection suited to the defensive needs of this phase (Heckert et al.  
2008; Saifi et al. 2021). 

Furthermore, CeO2NPs also play another role in protecting the endogenous antioxidant system. 
Excessive ROS, such as superoxide anions and H2O2, are key drivers of oxidative damage in silicosis. By 
directly scavenging these molecules, CeO2NPs reduce the overall oxidative pressure in the lung tissue 
environment. This alleviates the prolonged high-load state of endogenous SOD and CAT, helping prevent 
damage to and inactivation of enzyme proteins due to overload (Lemos 2021). Given the persistent nature 
of chronic oxidative damage in silicosis, maintaining the homeostasis and functional reserve of the body's 
own antioxidant defense system is essential, a need that is fulfilled by the protective effects of CeO2NPs 
(Belhadj et al. 2018). 

The dual mechanisms of action of CeO2NPs address multiple aspects of pathological progression. Firstly, 
they interrupt the explosive sources of ROS, effectively protecting pulmonary epithelial cells. Secondly, they 
help preserve the function of endogenous antioxidant enzymes. Additionally, they inhibit fibroblast 
activation and abnormal collagen deposition induced by oxidative stress. By intervening in the vicious 
cycle in which oxidative stress triggers inflammation and ultimately leads to fibrosis (Miao et al. 2025), 
CeO2NPs offer a novel nanotherapeutic approach for alleviating progressive pulmonary fibrosis in silicosis. 
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4. Preparation and characteristics of CeO2NPs in silicosis treatment 

The use of nanoparticles in medicine is on the rise (De Jong 2008; Ahmad et al. 2024; He et al. 2024). Drug- 
carrying nanoparticles are increasingly used because they can transport drugs to various body parts and 
exert effects (Saraiva et al. 2016; Souri et al. 2023). Biosynthesis, owing to its unique attributes, such as rapid 
synthesis, low cost, and pollution-free operation, is extensively used in nature because it efficiently utilizes 
plant components. Compared to physical and chemical synthesis methods, biosynthesis has a lower price 
and fewer drawbacks. The biocompatibility of biosynthetic nanoparticles is relatively high, making it safer 
for use in organisms (Ahmed and Ikram 2016). In biomedical applications, particularly for the treatment of 
pulmonary diseases such as silicosis, comprehensive physicochemical characterization of the prepared 
CeO2NPs is crucial to ensure reproducibility, therapeutic efficacy, and biosafety. X-ray diffraction (XRD) is a 
commonly used technique for structural characterization that can verify the crystal structure and phase 
purity of CeO2NPs, features closely associated with their redox stability and catalytic behavior (Ziegler- 
Borowska et al. 2019; Xin et al. 2021). Transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM) are widely employed to determine particle size, morphology, and dispersibility, as the 
size of CeO2NPs significantly influences their lung deposition efficiency and cellular uptake processes 
(McBride et al. 2013; Thomas et al. 2022). Additionally, analysis of surface-related properties, such as the 
specific surface area (BET) and zeta potential, provides critical insights into the colloidal stability of 
nanoparticles and their interactions with cells under physiological conditions (Quispe Cohaila et al. 2025). 

Cerium dioxide (CeO2) is the most abundant rare earth element. It possesses unique properties and a 
high oxygen storage capacity (OSC). Owing to its ability to provide local oxygen ‘storage,’ material is 
frequently utilized as a catalyst, catalyst carrier, or cocatalyst (Montini et al. 2016; Porsin et al. 2016; Kropp 
et al. 2017). In materials development, doping CeO2 with other metals is a common practice that can 
enhance its catalytic performance (Mukherjee et al. 2017). The preparation methods for CeO2NPs are highly 
diverse. In terms of chemical processes, there are hydrofluoride-mediated method (Tumkur et al. 2021), 
hydrothermal process (Rudayni et al. 2022), sol-gel method (Fudala et al. 2022), microemulsion method 
(Hadi and Yaacob 2007), and precipitation method (Domingues et al. 2023). The ball milling method (Li 
et al. 2004; Lu and Fang 2006; Yadav and Srivastava 2012; He 2015) and flame spray pyrolysis method 
(Vassie et al. 2018) are physical. In addition, several approaches to green synthesis exist. For instance, plant- 
mediated synthesis methods can be employed. Extracts from goldilocks, cacti, and even aloe plant leaves 
can be used for the green synthesis of CeO2NPs (Kannan and Sundrarajan 2014; Arumugam et al. 2015; N 
et al. 2021). Through nutrition-mediated synthesis, egg white protein and honey can be used for the green 
synthesis of CeO2NPs (Darroudi et al. 2014; Kargar et al. 2015). The high oxygen storage capacity of 
CeO2NPs can be attributed to the generation of many oxygen vacancies within the lattice structure of CeO2 

during the transition between the Ce3+ and the Ce4+ valence states. The antioxidant activity of CeO2NPs is 
mediated through surface oxygen vacancies (Korsvik et al. 2007). These results indicate that CeO2NPs form 
more oxygen vacancies as the particle size decreases (Deshpande et al. 2005). The smaller the CeO2NPs 
particles are, the stronger their antioxidant capacity becomes. CeO2NPs are regarded as effective free 
radical scavengers because of their strong redox ability. In the preparation of nanoparticles, the higher the 
ratio of Ce3+/Ce4+, the higher the oxygen and electron vacancies. Consequently, its antioxidant capacity is 
more substantial, and its free radical scavenging ability is also more potent (Deshpande et al. 2005; Wu et al.  
2020). The participation of the surface groups of CeO2NPs in redox reactions and their ability to readily 
transport hydrogen and oxygen via their dynamic structure make them highly likely to be used in 
monotherapy. Experiments on mice have demonstrated that nanoparticles such as CeO2 can be used as 
potential therapeutic agents for various oxidative stress diseases and conditions (Celardo et al. 2011; 
Narayanan and Park 2013; Walkey et al. 2015; Kwon et al. 2016). Notably, CeO2NPS has become the 
most prevalent inorganic nanomaterial in antioxidant therapy (Yang et al. 2019; Nikitchenko et al. 2023). 

4.1. Oxidation resistance of CeO2NPS as a nanozyme 

CeO2NPS has also been applied in the biomedical field. CeO2NPS can be used as a simulation of SOD, CAT, 
some oxidase (OXD), oxidoreductase, and phosphatase and can participate in the neutralization of active 
nitrogen (Cai et al. 2025). According to the properties of materials, CeO2NPS can be used to scavenge free 
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radicals and reduce the levels of ROS, such as O–
2•, H₂O₂, and •OH (Figure 4) (Khan et al. 2014; Basina et al.  

2020). This effect is used to treat silicosis by inhibiting and removing ROS accumulation in the lung and 
reducing the inflammation caused by ROS-induced oxidative stress; it can regulate the local characteristics 
of silicosis, slow disease progression, and improve patient outcomes. 

Through the redox cycle coupling between Ce3+ and Ce4+, CeO2NPs are used as a SOD mimic to remove 
superoxide free radicals (Das et al. 2013). Previous studies have shown that the fraction of Ce3+ determines 
the SOD simulation activity of CeO2NPs on the particle surface (Celardo et al. 2011; Wei and Wang 2013). In 
vitro studies have reported that smaller particles (5 nm) with a higher Ce3+ content primarily remove 
superoxides, whereas those with a higher Ce4+ content primarily remove peroxides (Korsvik et al. 2007; 
Pirmohamed et al. 2010). In experiments by Cassandra Korsvik et al., CeO2NPs exhibited SOD enzyme 
activity. It can generate oxygen and Ce3+ through the reactions of Ce4+ and O-

2•, thus reducing the damage 
caused by O-

2• to the lungs. The generated oxygen can ease the burden on the lungs (Korsvik et al. 2007). 
Zhimin Tian et al. reported that CeO2NPs also possessed the characteristics of CAT (Tian et al. 2015). 

In the experiment, CeO2NPs were compared with the natural enzyme horseradish peroxidase (HPR) to 
determine the H2O2 concentration required for maximal enzyme activity. The concentration of hydrogen 
peroxide needed to maximize the activity of CeO2NPs is much higher than that needed for HPR. Therefore, 
CeO2NPs are presumed to have multiple functions, such as CAT and SOD, which consume additional H2O2 

(Tian et al. 2015). In their experiments, Laura Rubio and colleagues employed the human bronchial 
epithelial cell line BEAS-2B as a pulmonary-like cell model. They utilized potassium bromate (KBrO3), a 
well-defined oxidative stress-inducing agent, to investigate the antioxidant properties of CeO2NPs. They 
reported that after 24 h of pretreatment with CeO2NP, the level of intracellular ROS production induced by 
KBrO3 was significantly reduced, with this reduction being statistically significant across all the tested 
concentrations (2.5, 5, and 7.5 μg/mL). Furthermore, in experiments evaluating oxidative DNA damage, 
pretreatment with CeO2NPs mitigated KBrO3-induced oxidative DNA damage, with the most pronounced 
protective effect observed at a concentration of 2.5 μg/ml. Concomitantly, pretreatment with CeO2NP at 
2.5 μg/mL also led to a significant reduction in cell mortality induced by KBrO3. Additionally, researchers 
have demonstrated that CeO2NP can downregulate the expression of oxidative stress-related genes such as 
Ho1 and Sod2, which are induced by KBrO3, thereby providing further evidence to substantiate the 
antioxidant activity of CeO2NP (Rubio et al. 2016). This study demonstrated that CeO2NPs exhibit 

Figure 4. CeO2NPs are used as mimics of SOD and CAT to remove ROS (Author-created).       
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antioxidant activity through multiple mechanisms, as evidenced by their ability to scavenge ROS, reduce 
oxidative DNA damage, improve cell viability, and regulate gene expression in oxidative stress pathways. 
However, in the experimental studies, smaller particle sizes and lower doses of CeO2NP exhibited more 
pronounced effects. Specifically, in studies of 2 and 10 nm CeO2NP, researchers have reported that 2 nm 
CeO2NP exhibit superior antioxidant performance, whereas their 10 nm counterparts show weaker activity 
or are inert (Nikitchenko et al. 2023). Specifically, at a concentration of 50 µg/mL, CeO2NP did not induce 
ROS production. However, at concentrations of 100, 200, and 400 µg/mL, CeO2NP triggered ROS generation, 
with the induced ROS levels increasing progressively with increasing concentration (Akhtar et al. 2021). 
These findings indicate that the biological effects of cerium oxide nanoparticles are critically dependent on 
both particle size and dosage. At low doses and small sizes, they predominantly exhibit antioxidant activity, 
whereas at higher doses, they are likely to induce oxidative stress and toxicity (Colino et al. 2020). Notably, 
when the concentration of CeO2NP reached 400 µg/mL, cytotoxicity was no longer observed (Ghorbani 
et al. 2025). Additionally, other physicochemical parameters, such as particle shape, can also influence their 
biological activity of a material (Melnikova et al. 2023). This finding highlights the double-edged sword 
nature of CeO2NPs. While it has the potential to treat conditions associated with excessive ROS, its cytotoxic 
effects must be carefully considered and mitigated. After co-culturing CeO2NPs at a particle concentration 
of 0.33–660 nm with bronchial epithelial cells for 24 h, a dose-dependent decrease in intracellular ROS and 
cell loss was observed. Although this is sufficient to demonstrate the capacity of CeO2NPs to remove ROS, it 
simultaneously poses specific harm to cells, which undoubtedly warrants our attention. This finding 
highlights the double-edged sword nature of CeO2NPs. While it has the potential to treat conditions 
related to excessive ROS, its cytotoxic effects should be carefully considered and mitigated (Li et al. 2015). 
Further research is required to determine the optimal concentration and exposure conditions to maximize 
its beneficial effects while minimizing cell harm. 

Further research is required to determine the optimal concentration and exposure conditions to 
maximize its beneficial effects while minimizing cell harm. 

In the experiment conducted by Suzanne M. Hirst et al., the DCFH-DA fluorescent probe method and 
enzyme activity assay were employed. CeO2NPs with a size of 3–5 nm and a concentration range of 
1 nM–10 μM effectively scavenged O-

2•, H2O2, and other free radicals. This finding demonstrates the 
antioxidant properties of CeO2NPs, with a more pronounced antioxidant effect observed at higher 
concentrations (Hirst et al. 2009). This finding further supports the potential of CeO2NPs as antioxidants. 
Reducing intracellular ROS at the molecular level may have therapeutic applications in conditions involving 
excessive ROS production, such as various diseases and oxidative stress-related conditions. For practical 
application, further studies are needed to elucidate the mechanisms underlying this reduction and to assess 
the long-term safety and efficacy of CeO2NPs. The production of O-

2• was inhibited to a certain extent. 
These findings indicate that CeO2NPs reduce existing intracellular ROS and inhibit the production of O-

2•. 
On the one hand, this dual action further enhances their potential as therapeutic agents for conditions 
related to oxidative stress. On the other hand, although this is a promising finding, further research is 
needed to determine the optimal dose, route of administration, and potential side effects of using CeO2NPs 
to inhibit O-

2• production. 
Furthermore, in the experiment conducted by Vellaisanmy Selvaraj and others, 0.5 mg/kg of CeO2NPs 

not only exerted enzyme-mimetic effects but also induced a reduction in cytokine release (such as TNF-α, 
IL-1b, IL-1β, etc.), thereby lowering the level of cellular ROS. In parallel, NF-κB transcriptional activity in 
activated B cells decreases, and silicosis-related inflammation is inhibited, thereby promoting silicosis 
recovery (Selvaraj et al. 2015). In addition, during X-ray irradiation, in the preconditioning experiment 
involving the intraperitoneal injection of CeO2NPs in mice, the number of caspase-3-positive cells in the 
colonic crypts decreased. In experiments, a significant increase in SOD2 protein expression was also 
observed, indicating that CeO2NPs can protect the gastrointestinal epithelium from radiation-induced 
damage via an antioxidant mechanism (Colon et al. 2010). A substantial body of data suggests that cellular 
nitric oxide may combine with superoxides to generate highly reactive and toxic species that can damage 
lung tissue (Iova et al. 2023). It has been reported that higher concentrations of Ce4+ promote the removal 
of nitric oxide free radicals and may play a specific role in regulating lung tissue damage. 

CeO2NPs smaller than 5 nm exhibit ROS scavenging activity in a recyclable manner. This is achieved 
through the reversible binding of oxygen atoms and shuttling between the surface's Ce3+ (reduction) and 
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Ce4+ (oxidation) states. They have been successfully applied to protect cells from superoxide and H2O2. In 
the adjuvant treatment of silicosis, their application can protect lung cells from ROS damage, reduce lung 
inflammation, and inhibit lung fibrosis (Hirst et al. 2009; Karakoti et al. 2012; Kwon et al. 2016). 

4.2. CeO2NPs are used to treat silicosis challenges 

In the experiment conducted by Yuanyuan Li and others, when the size of CeO2NPs is 5.1 ± 0.4 nm, the ratio 
of Ce3+/Ce4+ can be neglected. Notably, under ambient temperature and aerobic conditions, without the 
stabilization of oxygen vacancies through surface ligand coating, CeO2NPs larger than 3 nm in size cannot 
maintain a significantly higher Ce3+/Ce4+ ratio under environmental conditions, and even CeO2NPs smaller 
than 5 nm in size lose their inherent SOD-mimetic activity due to the oxidation of Ce3+ (Equations (1)–(2)), 
with the regeneration of such activity typically requiring a period ranging from several days to several 
weeks (Heckert et al. 2008; Li et al. 2015). In the experiments of Vellaisamy Selvaraj et al., dose‒response 
toxicity assays using the MTT method indicated that CeO22NPs at doses exceeding 1 μg/ml were cytotoxic 
(Selvaraj et al. 2015). In experiments conducted by Sheau-Fung Thai et al., CeO2NPs not only induce the 
production of ROS and reactive nitrogen species (RNS) but also cause DNA damage (Thai et al. 2019). This 
finding demonstrates the size dependence of nanomaterials and the experimental uncertainty regarding 
their cytotoxicity. 

Ce e Ce+4+ 3+ (1) 

H O O H e+ +2 2 2
+ (2)   

According to experimental inference, Ce3+ reacts with O-
2• and hydrogen ions to produce a certain 

amount of H2O2. This is suspected to be a continuous reaction (Korsvik et al. 2007). Based on this 
inference, it can be concluded that certain limitations exist when materials are utilized to remove ROS 
in the treatment of silicosis. In the case of application within living organisms, the activity of CeO2NPs, 
whether they act as an antioxidant to protect mammalian cells from death or inhibiting microbial 
growth, is regulated by a specific environment. Whether the lung's environment is suitable remains a 
matter worthy of consideration (Matter et al. 2019). Notably, Yang Li and others found that CeO2NPs 
generate O-

2• under ultraviolet light when the mechanism of ROS generation by various oxidizing 
compounds is studied. In the treatment of silicosis, materials should avoid excessive exposure to 
ultraviolet light to prevent the generation of excessive O-

2•, as this would aggravate the degree of 
inflammation (Li et al. 2012). Some reports suggest that Ce3+ increases toxicity. In this context, it is 
necessary to examine the in vitro physicochemical properties more carefully (Peng et al. 2014; Pulido- 
Reyes et al. 2015). 

In recent years, extensive research has focused on modifying the redox properties of CeO2NPs by altering 
the nanocrystal environment (Seal et al. 2020). Inducing different types of lattice defects alters the oxygen 
storage capacity. The presence of oxygen vacancies in the lattice promote the free radical scavenging 
capacity. The scavenging of •OH and O-

2• requires more oxygen vacancies (Ce3+ sites) (Karakoti et al. 2010; 
Singh et al. 2011). This issue poses a significant challenge for the use of CeO2NPs in the treatment of 
silicosis. The drug dosage must be precisely controlled to enable it to clear O-

2• in silicosis while causing 
minimal damage to the body. Although numerous reports have focused on improving the defect concen
tration, synthesizing CeO2NPs with specific sizes and tunable surface defects via a single method remains a 
significant challenge (Meng et al. 2013; Vinothkumar et al. 2018). 

The translation of CeO2NPs into clinical use is fundamentally challenged by their dualistic physico
chemical nature and the unpredictability of their interactions within complex biological systems. Their 
hallmark antioxidant activity is highly dependent on the surface Ce3+/Ce4+ ratio and oxygen vacancy 
concentration. However, these critical parameters are not only difficult to control during synthesis precisely 
but also susceptible to alterations within the intricate physiological microenvironment in vivo. Studies have 
confirmed that in the acidic environment of lysosomes, the redox state of CeO2NPs can shift, potentially 
transforming from an antioxidant into a pro-oxidant. This phenomenon fundamentally affects their 
biosafety and the controllability of their therapeutic efficacy (Das et al. 2012). 
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Furthermore, the size, morphology, and surface charge of nanoparticles profoundly influence their 
cellular uptake efficiency, in vivo biodistribution, and metabolic clearance pathways. For instance, while 
smaller particles possess stronger cell-penetrating capabilities, they may also cross biological barriers in 
unpredictable ways. Similarly, surface modification strategies aimed at improving particle dispersity and the 
circulation half-life can alter particle specificity toward target cells (Asati et al. 2010). Consequently, 
balancing biocompatibility, structural stability, and therapeutic activity remains an urgent challenge in 
nanomaterial design. 

To effectively deliver CeO2NPs to silicotic fibrotic lesions and preserve their bioactivity, one must 
overcome the lung's unique, multiple physiological barriers. In silicosis, pathological features, including 
disrupted mucus secretion, damaged epithelial barriers, abnormal fibrous tissue proliferation, and persist
ent inflammatory responses, collectively create a complex drug delivery landscape (Hu et al. 2024; Sherekar 
et al. 2025). Nanocarriers must sequentially evade mucociliary clearance, penetrate dense fibrotic tissue, 
and ultimately be efficiently internalized by activated macrophages or myofibroblasts to exert their 
intended therapeutic effect. Currently, active targeting tailored to the pathological microenvironment of 
pulmonary fibrosis is still in its early stages, with low delivery efficiency posing a critical bottleneck to 
therapeutic outcomes. 

Significant gaps remain in our understanding of the pharmacokinetic profile and long-term fate of 
CeO2NPs in the body, representing a major obstacle to assessing their clinical safety. Existing studies have 
yet to establish clear and consistent conclusions regarding key issues, such as retention time in the lungs 
after inhalation or systemic administration; biodegradation rate; metabolic byproduct composition; and 
clearance pathways via the lungs, liver, and kidneys. In particular, the potential for long-term accumulation 
of these nanoparticles in the reticuloendothelial system and the associated risk of chronic toxic effects still 
lack systematic and sufficient safety evaluation data (Tarnuzzer et al. 2005). 

Given the preceding viewpoints, the application methods and safety of CeO2NPs in the human body 
remain important. When CeO2NPs are used in biomedicine, they can be loaded into a material or coated 
with a biocompatible polymer. Chitosan and polyethylene glycol were initially considered. These two 
substances can enhance the biosafety of CeO2NPs without affecting the material's inherent properties. 
Meanwhile, they can enhance the bioavailability of a material. Secondly, combination with albumin 
improved the antioxidant performance of CeO2NPs. Moreover, albumin itself exerts an immunomodulatory 
effect on damaged tissues. The application of specific auxiliary materials warrants further exploration. When 
aiming to enhance biosafety, hydrogels are a viable option. If the goal is to improve biodegradability, 
chitosan can be selected. If specific gene alterations are detected or genes for treatment are discovered in 
the research, DNA/RNA should be chosen. If methods for utilizing CeO2NPs in the biomedical field are 
identified, loading them onto metal‒organic frameworks (MOFs) can be a viable approach. This not only 
facilitates imaging and detection but also provides adjuvant treatment. By harnessing the antioxidant 
activity of CeO2NPs and the properties of auxiliary materials, various free radicals in the lungs of patients 
with silicosis can be inhibited and scavenged, thereby alleviating silicosis. 

4.3. Approaches to mitigate the toxic side effects of CeO2NPs 

The toxic side effects of CeO2NPs are a significant concern. Researchers have found that these effects vary 
to some extent depending on the size, shape and charge of CeO2NPs. In an inhalation toxicity study of 
CeO2NPs, researchers exposed mice to four variants with distinct sizes, shapes, and surface charges. The 
results showed that spherical nanoparticles exhibited the lowest toxicity, whereas polygonal nanoparticles 
induced the most substantial adverse effects. Larger nanoparticles also demonstrated greater toxicity 
compared to smaller ones. Interestingly, the toxic responses differed between rats and mice, with rats 
exhibiting more pronounced adverse effects (Dekkers et al. 2018). Although the CeO2NPs in this experiment 
also differed in surface charge, the study did not address the influence of this parameter on toxicity 
(Dekkers et al. 2018). However, other studies have shown that positively charged nanoparticles exhibit 
significantly higher cellular uptake compared to negatively charged or neutral nanoparticles, which is 
attributed to their enhanced ability to adsorb plasma proteins. Nonetheless, they may also induce 
hemolysis and platelet aggregation, leading to systemic toxicity (Goodman et al. 2004). Additionally, in 
normal saline, direct interaction between positively charged CeO2NPs and the cell wall destabilize the 
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membrane, leading to increased ROS production and reduced cell viability. In contrast, although exposure 
to PBS still induces membrane destabilization and elevated ROS levels, no detectable cytotoxicity is 
observed under these conditions (He et al. 2012). 

Larger CeO2NPs may exhibit higher toxicity toward eukaryotic cells, potentially attributed to the 
tendency of smaller CeO2NPs to agglomerate, which diminishes their toxic effects (Schubert et al. 2006; 
Kumar et al. 2014). The aggregation of CeO2NPs is influenced by pH, natural organic matter, and ionic 
strength. Increases in pH and ionic strength promote their aggregation. Under low-pH conditions, natural 
organic matter exhibits a high adsorption affinity for CeO2NPs, thereby significantly reducing their toxicity 
by inhibiting interactions between nanoparticles and target cells (Van Hoecke et al. 2011). In contrast, high 
concentrations of aggregated CeO2NPs exhibit toxic effects (Röhder et al. 2014). In in vitro studies, 
researchers have found that CeO2NPs are toxic to alveolar epithelial cells (Gasser et al. 2009; Mittal et al.  
2014). It is hypothesized that the toxic mechanism may be related to nanoparticle aggregation induced by 
respiratory mucus, and that this aggregation could contribute to enhanced toxicity (Frieke Kuper 
et al. 2015). 

Regarding the morphology of CeO2NPs, studies have shown that spherical nanoparticles exhibit lower 
toxicity. This is attributed to the fact that spherical nanoparticles are more readily and rapidly endocytosed 
than their rod-shaped or fibrous counterparts. In contrast, non-spherical nanomaterials tend to translocate 
through capillaries, thereby triggering additional biological consequences (Champion and Mitragotri 2006; 
Lee et al. 2007; Kim et al. 2012). The varying toxicity of CeO2NPs arising from different shapes may also be 
associated with their aspect ratio (the ratio of length to width); a higher aspect ratio generally correlates 
with stronger toxicity of CeO2NPs (Mortazavi Milani et al. 2017). Specifically, when the length is ≥200 nm 
and the aspect ratio is ≥22, CeO2 nanorods induce persistent pro-inflammatory effects and cytotoxicity 
(Booth et al. 2015). 

Based on the analysis of the aforementioned toxicity-influencing factors, it is advisable to preferentially 
select spherical, small-sized, and negatively charged CeO2NPs for subsequent applications to mitigate their 
potential adverse effects. Moreover, to mitigate the toxic effects of CeO2NPs, surface-coating modifications 
can be employed. This approach enhances nanoparticle stability and inhibits the release of toxic ions, 
thereby reducing or eliminating associated adverse reactions (Kirchner et al. 2005). To this end, surface 
modifications of NPs employing hydrophilic and flexible polyethylene glycol (e.g. pegylation) and other 
surfactant copolymers (e.g. poloxamers and polyethylene) have been widely used since the beginning of 
this advanced field of nanotechnology to stabilize nanoparticulate systems in biological milieus (Gatoo 
et al. 2014). Inhalable or aerosolized formulations of CeO2NPs can be developed to enable precise 
pulmonary delivery at low doses. This approach is grounded in the principle that particles 1–5 µm in 
size effectively deposit in alveolar regions, while those smaller than 100 nm are also capable of efficient 
lung targeting (Gholap et al. 2025). Compared with systemic administration, such localized delivery can 
achieve therapeutic effects at lower dosages. The incorporation of CeO2NPs into pulmonary delivery 
carriers, such as polymeric nanoparticles, lipid nanoparticles, liposomes, solid lipid nanoparticles or inhal
able microspheres, enables better control of the local concentration and release kinetics within the 
pulmonary microenvironment, enhances local bioavailability, reduces the required dose, and thereby 
mitigates pro-inflammatory responses (Chan et al. 2023). In addition, materials possessing inherent anti
oxidant and anti-inflammatory properties can also be selected as delivery carriers. Alternatively, CeO2NPs 
can be integrated into hydrogels to create ROS- or inflammatory factor-responsive systems, enabling 
targeted release in specific pathological microenvironments and thereby achieving precise therapeutic 
outcomes (Pu et al. 2024). 

5. Biomedical application prospects 

5.1. Prospect of CeO2NPs in the treatment of pulmonary diseases 

5.1.1. CeO2NPs in the treatment of COVID-19 
Novel Coronavirus Disease-2019 (COVID-19), caused by infection with severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), is characterized by pulmonary lesions, with diffuse alveolar damage as its core 
pathological feature. Following viral invasion of the body, the pathogen specifically targets lung tissue, 
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triggering an inflammatory response and subsequently leading to pulmonary cell injury (Ricard et al. 2021). 
All these processes are associated with the development of oxidative stress, which makes an essential 
contribution to the pathogenesis of viral infections (Chernyak et al. 2020). 

SARS-CoV-2 first binds to the angiotensin-converting enzyme 2 (ACE2) receptor via its spike (S) protein, 
facilitating membrane fusion. The RNA genome is subsequently released and translated; the resulting 
structural and non-structural proteins then interact with mitochondrial components, disrupting mitochon
drial function. This cascade drives elevated reactive oxygen species (ROS) production, which in turn triggers 
oxidative stress and inflammatory responses (Noonong et al. 2023). 

In relevant studies, researchers have shown that 3 nm CeO2NPs can target the 5 nm cavity within the 
spike protein trimer that forms upon SARS-CoV-2 binding to the ACE2 receptor on the host cell surface. 
These nanoparticles bind tightly to the receptor-binding domain (RBD), thereby blocking subsequent 
viral‒cell interactions and functioning as highly efficient antiviral agents (Zhang et al. 2024). This mecha
nism can effectively inhibit viral replication and mitigate mitochondrial damage, thereby reducing ROS 
production and ultimately exerting antioxidative, anti-inflammatory, and antiviral effects. 

5.1.2. CeO2NPs in the treatment of LC 
ROS exert distinct roles at different stages of lung cancer progression. During the precancerous phase, ROS 
can induce oxidative stress that damages tumor suppressor genes, thereby promoting the initiation and 
progression of lung cancer. At later stages of tumor progression, they facilitate cancer cell invasion and 
metastasis by activating the NF-κB and MAPK pathways. However, at advanced stages, when ROS exceed 
the threshold, they promote cell-cycle arrest and induce apoptosis in cancer cells (ArulJothi et al. 2022). 
Therefore, the antioxidative effect of CeO2NPs is mainly applicable to the early and middle stages of lung 
cancer, but not to the advanced stage. 

CeO2NPs can mitigate oxidative damage via Ce3+/Ce4+ redox cycles and scavenge superoxide anions and 
hydrogen peroxide through their nanozyme-mimetic activity (Corsi et al. 2023). Consequently, they can 
protect tumor suppressor genes from ROS-induced damage during the pre-cancerous stage. Furthermore, 
at advanced stages of cancer, CeO2NPs can alleviate the inflammatory response and delay further cancer 
progression by reducing ROS production and inhibiting the MAPK-NF-κB signaling pathway (Li et al. 2024). 

5.1.3. CeO2NPs in the treatment of COPD 
Chronic obstructive pulmonary disease (COPD) includes chronic bronchitis and emphysema. 
Oxidant–antioxidant imbalance is recognized as a significant factor in COPD pathogenesis (Białas et al.  
2016). It is believed that oxidative stress is increased in patients with COPD due to chronic exposure to 
cigarette smoke, a primary risk factor that involves high concentrations of oxidants and ROS (Boukhenouna 
et al. 2018). Extrinsic ROS can induce oxidative stress and thereby activate immune cells. In turn, activated 
immune cells further release endogenous ROS. This positive feedback loop contributes to the persistent 
progression of COPD even in the absence of extrinsic ROS stimulation (Hobbins et al. 2017; Boukhenouna 
et al. 2018). 

Analysis of the pathogenic mechanisms of COPD reveals that both extrinsic and intrinsic factors are 
closely associated with ROS. These findings indicate that mitigating oxidative stress with antioxidants or 
enhancing the function of the endogenous antioxidant system is an effective therapeutic strategy for 
targeting potential pathogenic mechanisms of COPD (Barnes 2020). CeO2NPs exert antioxidant effects by 
scavenging free radicals and inhibiting the autooxidation of phosphatidylcholine. One of the core patho
logical features of COPD is an imbalance between the oxidative and antioxidant systems, and the 
prooxidant properties of CeO2NPs contribute to this dysregulation, ultimately helping to restore the 
prooxidant/antioxidant balance to physiological homeostasis (Nikitchenko et al. 2023). 

5.1.4. CeO2NPs in the treatment of ALI 
The pathogenesis of acute lung injury (ALI) is widely recognized to involve pulmonary or systemic 
inflammatory responses. Inflammatory cytokines can activate inflammasomes and induce oxidative stress, 
which in turn promotes cell apoptosis and mitochondrial damage. Mitochondrial dysfunction further 
amplifies inflammation and oxidative stress, ultimately disrupting the pulmonary barrier (Liu et al. 2025). 
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In one study, researchers utilized cerium oxide nanoparticles to load probes, thereby achieving both 
therapeutic and diagnostic effects on ALI. Meanwhile, leveraging the SOD-mimetic and CAT-mimetic 
activities inherent to CeO2NPs, the system exerted a synergistic effect that suppressed oxidative stress, 
downregulated proinflammatory cytokines, ameliorated pulmonary edema, and repolarized proinflamma
tory macrophages (Li et al. 2024). These effects demonstrate the therapeutic potential of cerium dioxide 
nanoparticles for ALI, as they can effectively mitigate oxidative stress and alleviate inflammatory responses 
associated with this condition. 

Lung diseases share similarities in their pathogenesis, and oxidative stress plays a crucial role in the 
pathogenic mechanisms of various pulmonary conditions, including COVID-19, LC, COPD, and ALI (Paola 
Rosanna and Salvatore 2012; Han et al. 2016; Gautam et al. 2017; Suhail et al. 2020; Nordberg and Arnér). 
Therefore, antioxidant therapy represents a promising approach for the treatment of these diseases 
(Taniguchi et al. 2021; Sul et al. 2023). As discussed in this paper, CeO2NPs with excellent nanozyme 
properties hold great potential for treating such conditions. By leveraging their nanozyme activities, 
CeO2NPs can inhibit and scavenge excess ROS generated in these diseases, thereby slowing disease 
progression and alleviating clinical symptoms (Yuan et al. 2022). Consistent with these findings, ROS 
inhibition mitigates disease progression, and nanozyme-active CeO2NPs may serve as effective therapeutic 
agents by targeting excessive ROS and halting disease progression (Figure 5). 

5.2. Therapeutic delivery prospects of CeO2NPs in pulmonary therapy 

The application of CeO2NPs in lung diseases warrants further exploration. Nevertheless, the currently 
commonly used drugs in clinical practice have shortcomings, such as being unable to target diseases 
precisely, resulting in a large amount of drug waste. To this end, CeO2NPs can be magnetized. By doing so, 
targeted drug delivery can be achieved using the currently advanced clinical treatment technology of 
magnetic resonance navigation. This approach can help avoid the waste of CeO2NPs drugs. The use of 
innovative technology has significantly enhanced the accuracy and convenience of current treatment 
methods. The antioxidation properties of CeO2NPs alone are relatively simplistic. Hence, loading drugs on 
the surface of CeO2NPs can achieve the effect of doubling antioxidation. 

Figure 5. CeO2NPs can be used to address other diseases related to oxidative stress (Author-created).       

14 G. BAN ET AL. 



For drug selection, intelligent molecular docking can be used for screening. Firstly, the treatment target 
proteins of silicosis, such as NLRP3, must be identified. Then, determine the drugs that can be used for 
docking, such as GDC-2394, costunolide, etc. Finally, docking software for drug-target docking should be 
utilized (McBride et al. 2022; Xu et al. 2023). Among the currently popular NLRP3 inhibitors, GDC-2394 
exhibits the greatest adaptability. Drugs with greater target matching can achieve better therapeutic 
outcomes and reduce the waste of experimental time and resources. 

With respect to drug loading, electrostatic adsorption technology can reduce the formation of 
certain unknown chemical constituents and reduce their impact on experimental results compared 
with chemical‒physical adsorption. The drawback of direct loading of drugs, i.e. insufficient binding of 
drugs, cannot be ignored. Thus, suitable biosafe polymers can be selected to encapsulate drugs and 
CeO2NPs. Alternatively, the drug can be incorporated into a polymer, and CeO2NPs can then be 
combined with or coated onto the polymer. The use of polymers enhances nanoparticle biosecurity 
and reduces the risk of drug loss during targeting, offering significant advantages for clinical treatment. 
Notably, not only is the cost increase still under consideration, but the selection of polymers also 
warrants attention. It is necessary to avoid situations where the drug is not easy to dissolve or diffuse 
and prevent the bioavailability of drugs from being reduced. The efficacy of commonly used polymers, 
such as polyethylene glycol, and hydrogels must be verified experimentally. Notably, when polymers 
are selected, the limitations of CeO2NPs in treatment should be considered. It is necessary to determine 
whether a polymer can overcome the limitations of CeO2NPs while enabling drug coating. An essential 
consideration is that, in subsequent studies, drugs, polymers, and CeO2NPs must be sterilized to 
prevent bacterial contamination from affecting experimental results. In subsequent clinical use, pre
venting bacteria attached to nanomedicine from causing additional harm to patients and avoiding 
iatrogenic infection are essential. 

5.3. Additional application prospects of CeO2NPs in silicosis 

The pathogenic factors of silicosis are not limited to ROS, and numerous factors are involved. 
Meanwhile, the therapeutic effect of CeO2NPs in silicosis is not limited to their antioxidant properties. 
Lipopolysaccharide was used to stimulate macrophages in cell experiments, and control experiments 
were conducted simultaneously. CeO2NPs blocked inflammatory signaling pathways (such as the NF- 
κB and MAPK pathways). As a result, the release of pro-inflammatory cytokines (such as TNF-α, IL-6, 
and IL-1β) is reduced, and the inflammatory level of cells is decreased (Figure 6) (Selvaraj et al. 2015). 
If applied to the treatment of silicosis, it could reduce damage to lung cells and slow disease 
progression (Hirst et al. 2009). Although the fate of macrophages has not been reported in the 
literature, the experimental results indicate that macrophage lysis can be inhibited. This inhibition, 
which reduces the release of inflammatory mediators from macrophages, significantly minimizes the 
adverse effects on the surrounding lung parenchyma. Owing to silicosis patients' diminished immu
nity and the concomitant presence of diverse bacteria on silica particles, silicosis patients frequently 
experience concurrent bacterial infections (Howlett et al. 2025). In experiments, CeO2NPs exhibited 
anti-inflammatory effects and the potential to prevent and alleviate bacterial infections. As docu
mented in the present study, during sepsis, lymphocyte percentages decreased while granulocyte 
percentages increased at both the 6 and 24 h time points. However, nanoparticle treatment reversed 
these alterations specifically at the 6 h mark (Selvaraj et al. 2015). This demonstrates its anti- 
inflammatory effect, as it can reduce inflammation in damaged tissues and mitigate the impact of 
inflammatory cells on the organism. An analysis of experiments conducted by Srinivasulu Chigurupati 
et al. indicated that CeO2NPs can promote wound healing and angiogenesis (Chigurupati et al. 2013). 
Damaged lung tissues can accelerate tissue repair. Although tissue healing involves fibroblast 
aggregation, continuous release of inflammatory factors from damaged tissues that remain unhealed 
can harm nearby cells and tissues. The resulting lung damage is increased, potentially leading to 
further deterioration of silicosis. Therefore, timely healing is beneficial for patient recovery. Given the 
impact of fibroblast formation on patients, the use of stem cells for treatment may be considered 
later. In treating diseases, the first consideration should be disease control; subsequent improvement 
can then be achieved gradually. 
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Because silica particles in the lungs are too small to be readily excreted, CeO2NPs can be used to 
facilitate the expulsion of these particles by adsorbing SiO2. The aggregated particles are more likely to be 
expelled from the lungs through respiration and coughing. Here, two adsorption methods are discussed. 
First, the two can be adsorbed via hydrogen bonding. The hydroxyl groups (─OH) on the surface of 
CeO2NPs serve as hydrogen-bond donors, providing hydrogen atoms (Plakhova et al. 2019). The oxygen 
atoms on the surface of SiO2 (or the oxygen in the hydroxyl group) act as hydrogen-bond acceptors, 
accepting hydrogen atoms (Zhuravlev 2000). Through the action of hydrogen bonds, stable connections are 
formed between the surfaces of CeO2NPs and SiO2 (Meot-Ner (Mautner), M., 2005; Buckingham et al. 2008). 
Secondly, electrostatic attraction between positive and negative charges can also be considered, in addition 
to hydrogen bonds. Silicon dioxide exhibits a negative charge in the body’s environment. This occurred 
because silanol groups (Si-OH) are formed on the surface of SiO2 in an aqueous solution. When pH >2, the 
silanol groups undergo deprotonation, generating a net negative charge on the surface of SiO2 (Sulpizi 
et al. 2012). Moreover, CeO2NPs can carry a positive charge during preparation (Parimi et al. 2019). 
Consequently, they can adsorb negatively charged SiO2 upon application. In theory, both methods 
described above can use CeO2NPs to adsorb small SiO2 particles in the lungs. This facilitates the expulsion 
of the aggregated SiO2 and reduces the continuous damage to lung tissues caused by a large amount of 
non-excretable SiO2. 

Figure 6. CeO2NPs exert anti-inflammatory, antioxidant, and anti-apoptotic effects in LPS-challenged Kupffer cells. 
(A–C) CeO2NPs significantly reduced the LPS-induced secretion of TNF-α, IL-1β, and IL-1α at 6 h, and attenuated IL-1α 
release at 24 h. (D) Time-course analysis showed that CeO2NPs suppressed LPS-driven TNF-α expression in Kupffer cells. 
(E) Morphological assessment revealed that CeO2NPs preserved normal cell morphology compared with that of LPS- 
treated cells. (F) Fluorescence imaging indicated that CeO2NPs alleviated LPS-induced ROS accumulation. (G) Western blot 
analysis demonstrated that CeO2NPs inhibited the LPS-triggered cleavage of caspase-3. (H) CeO2NPs decreased the Bax/ 
Bcl-2 ratio, suggesting attenuation of apoptotic signaling. (I) Cell viability assays confirmed that CeO2NPs improved 
Kupffer cell survival in a dose-dependent manner. Data are adapted from Selvaraj et al., Biomaterials 59, 160–171 (2015) 
(Selvaraj et al.  2015).       
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6. Conclusion and discussion 

Silicosis is a severe form of pneumoconiosis caused by the long-term inhalation of a large quantity of free silica 
dust particles. The formation of silicotic nodules and extensive pulmonary fibrosis characterize it. ROS play a 
crucial role in the development of silicosis. When silica enters the lungs, the normal balance between ROS 
production and clearance can be disrupted. The pathogenesis of silicosis involves macrophages that undergo a 
series of reactions after exposure to silica dust. This leads to the production of ROS. In turn, these ROS cause 
lung inflammation, oxidative stress, and damage to cells and tissues. Eventually, this may progress to respiratory 
failure and heart failure. The antioxidant properties of these nanomaterials provide hope for the treatment of 
silicosis. Nano-antioxidants have the advantages of high stability and can target specific sites. Nanozymes can 
overcome the limitations of natural enzymes, which are sensitive to environmental conditions. 

CeO2NPs possess unique properties and a high oxygen storage capacity. Surface oxygen vacancies 
mediate their antioxidant activity. The smaller the particle size and the higher the Ce3+/Ce4+ ratio, the 
greater the antioxidant and free-radical scavenging capacity. In the treatment of silicosis, it can be used to 
simulate various enzymes to clear ROS, reduce inflammation, regulate silicosis-related characteristics, and 
slow disease progression. However, CeO2NPs have non-negligible limitations in the treatment of silicosis. 
For example, at specific sizes, it has low simulated SOD activity. This material is susceptible to light 
exposure; it can absorb both visible light and ultraviolet radiation, thus enhancing its catalytic performance. 
The possible increased toxicity of Ce3+ is also a concern. Additionally, accurately controlling the dosage of 
drugs is difficult. 

CeO2NPs hold great potential in the treatment of lung diseases. In various lung diseases, ROS accumu
lation promotes disease progression. The nanozyme properties of CeO2NPs can be utilized to inhibit and 
clear ROS, slow disease progression, and alleviate symptoms. To improve therapeutic efficacy, magnetized 
CeO2NPs can be used for targeted guidance. They can also be loaded with drugs or coated with polymers 
to enhance their antioxidant properties. However, issues such as polymer selection, cost, and sterilization 
treatment warrant attention. In addition, gold, silver, and iron oxide nanoparticles also possess antioxidant 
properties and can be used to treat silicosis. Importantly, the biosafety and drug payload of nanomaterials 
remain under investigation. In clinical use, the uniqueness of nanoparticles should be fully understood to 
ensure the effectiveness and safety of treatment. 

In this work, the enzyme-like antioxidant properties of CeO2NPs were explored. However, in terms of the 
material itself, it has not been thoroughly researched. If CeO2NPs are to be used in laboratory or clinical 
settings, their shape and size are essential considerations. It should be tested whether the properties of 
nanoparticles with different shapes are identical and whether the capabilities of nanoparticles of various 
sizes are the same. The antioxidant activity of these compounds should be critically considered in future 
discussions of lung disease and nanoparticles. Among the situations that require attention, nanoparticle 
biosafety is of paramount importance. In clinical use, the material being addressed is not a simple 
substance. Instead, a physical entity with a unique structure and properties, akin to a miniature reactor, 
is considered. In treatment, the therapeutic effect of nanoparticles is not solely determined by the particles 
themselves. Instead, nanoparticles can be combined with modern science and technology to achieve better 
therapeutic effects. 

7. Future directions 

7.1. Long-term prospects of nanoparticle therapy in silicosis 

In addition to the antioxidation effects of the CeO2NPs discussed in this paper, standard gold and silver 
nanoparticles also possess similar antioxidant properties in daily life. Owing to their excellent bio
compatibility, low toxicity, and tunable stability, gold nanoparticles have been widely used in detection, 
biosensing, bioimaging, medical diagnosis, and therapy (Jain et al. 2006; Zeng et al. 2011). According to 
experiments, gold nanoparticles possess peroxidase activity, SOD activity, and CAT activity (Lin et al. 2014). 
In rat experiments by Saba Safari et al., silver nanoparticles had the same antioxidant capacity and could be 
used to treat oxidative stress caused by excessive ROS accumulation (Safari et al. 2023). In the current 
literature, gold and silver nanoparticles are widely used in biomedicine. These nanoparticles possess unique 
properties that make them valuable for various applications. Gold and silver nanoparticles, such as 
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CeO2NPs, exhibit similar nanozyme properties and can be used to treat silicosis by removing and inhibiting 
excessive ROS accumulation. In biomedical applications, mercaptan polyethylene glycol (PEG-SH) is often 
used as a surface ligand for gold nanoparticles (Dreaden et al. 2009). After identifying the appropriate 
ligand, the efficiency of the experiment improved significantly. 

In addition to the two standard nanoparticles used in medicine (gold and silver), oxide nanoparticles 
should also be considered for the treatment of silicosis. Iron oxide nanoparticles serve as excellent 
antioxidants. Unlike CeO2NPs, iron oxide nanoparticles possess magnetic properties and thus do not 
require magnetization of the material when employed in nuclear magnetic resonance navigation (Fahmy  
2020). Interestingly, compared with that of chemically synthesized iron oxide nanoparticles, the antioxidant 
activity of biologically derived iron oxide nanoparticles is increased by two-fold (Neupane et al. 2019). In 
this context, magnetic iron oxide nanoparticles can inhibit oxidative stress-induced damage caused by ROS 
in silicosis. Iron oxide nanoparticles can be synthesized via a green chemical method. Since nanoparticles 
synthesized from natural products can enhance bioavailability, the targeted controlled-release properties of 
natural drugs, and their therapeutic value, they provide a solid basis for the future use of iron oxide 
nanomaterials in the treatment of silicosis (Barras et al. 2009; Sherekar et al. 2024). 

Nanoparticles are highly diverse in type, and this article primarily focuses on three representative 
nanomaterials: gold, silver, and iron oxide, with the remaining content addressed in the table (Table 1). 
This selection is based on the fact that gold and silver are two other common noble metals. Iron oxide, a 
common oxide encountered in daily life, is also highly representative. In the search for silicosis treatment 
materials, in addition to considering the antioxidant properties of the materials themselves, attention 
should also be given to the antibacterial properties of the materials. The biosafety and drug-loading 
capacity of nanomaterials require further investigation for practical applications. In the treatment of 
silicosis, unstable materials should be avoided. This prevents material instability from causing harm to 
the body during treatment. When selecting the shape of nanomaterials, spherical nanoparticles should be 

Table 1. Antioxidant properties of nanoparticles.      
Nanoparticles Synthetic materials Antioxidant application References   

Copper nanoparticles Cissus arnotiana The mechanism behind the antioxidant property is attributed to 
the inhibition of chain reactions, decomposition of peroxides, 
binding of transition metal ion catalysts, radical scavenging 
activity and inhibition of continued hydrogen abstraction. 
Among the radical scavenging property of the copper 
nanoparticles, the highest percentage of inhibition is observed 
at 40 μg/ml. 

Rajeshkumar 
et al. ( 2019) 

Platinum nanoparticles Tragia involucrata The synthesized Ti-PtNPs exhibited the highest DPPH free radical 
scavenging activity (64 ± 0.43%) at a concentration of 1 mg/ml, 
with a concentration-dependent activity profile. Meanwhile, the 
reducing capacity of Ti-PtNPs was proportional to their 
concentration, showing activities ranging from 13.45 ± 0.23% to 
58 ± 0.27% across the Ti-PtNPs concentration range of 0.2–1 
mg/ml. Additionally, the total antioxidant capacity of Ti-PtNPs 
ranged from 15.85 ± 0.22% to 59.37 ± 0.14% within the 
concentration range of 0.2–1 mg/ml. 

Selvi et al. ( 2020) 

Aluminum oxide 
nanoparticles 

Clerodendrum 
phlomidis 

The aluminum oxide nanoparticles exhibit in vitro DPPH free 
radical scavenging activity in a dose-dependent manner, with 
concentrations tested at 100, 200, 300, 400, and 500 μg/ml, and 
they demonstrate significant antioxidant activity at the 
concentration of 500 μg/ml. 

Thanaraj et al. ( 2024) 

Magnesium oxide 
nanoparticles 

Alstonia scholaris At concentrations of 0.05, 0.125, 0.25, and 0.5 mg/mL, the 
scavenging rates of biosynthesized magnesium oxide 
nanoparticles were 22.34%, 42.55%, 62.76%, and 69.14% 
respectively, whereas the scavenging rates of standard ascorbic 
acid at the same concentrations were 12.77%, 28.94%, 36.49%, 
and 46.70% respectively. The scavenging rate of the 
biosynthesized magnesium oxide nanoparticles was higher than 
that of standard ascorbic acid. Compared with standard ascorbic 
acid, the prepared magnesium oxide nanoparticles exhibit 
higher antioxidant potential. 

Shahid et al. ( 2022) 

Manganese dioxide 
nanoparticles 

Green tomato Whether at high or low intake levels of manganese dioxide 
nanoparticles, the activities of SOD, glutathione, and glutathione 
peroxidase were all elevated, with higher intake levels inducing 
stronger enzyme activities than lower levels of manganese 
oxide. Furthermore, the impact on glutathione S-transferase 
activity was not significant. 

Helbawi et al. ( 2024)   
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chosen. Compared with spherical nanoparticles, sharp-edged nanoparticles have the potential to generate 
free radicals and cause mechanical damage to cells (Karakoti et al. 2012; Das et al. 2013). 

The materials mentioned above represent an extension of the CeO2NPs discussed in this article and offer 
prospects for future nanoparticle applications. The reason for choosing CeO2NPs in this study is that, in 
terms of their antioxidant properties, CeO2NPs possess more substantial antioxidant capabilities. Silver 
nanoparticles are primarily used for antibacterial applications in biomedical settings. This is because silver 
nanoparticles also generate ROS, thereby exerting antibacterial effects (Park et al. 2009). Compared with 
CeO2NPs, gold nanoparticles exhibit weaker antioxidant properties. They function mainly by loading 
antioxidant drugs to achieve antioxidant effects (Sharpe et al. 2011; Das et al. 2013). The antioxidant 
capacity of iron oxide nanoparticles is also rather normal. More importantly, iron oxide nanoparticles are 
highly cytotoxic, making them difficult to control when used in the treatment of silicosis or even in 
biomedical engineering (Liu et al. 2013). 

Meanwhile, gold nanoparticles are more frequently applied in drug delivery, while iron oxide nanopar
ticles are more commonly used in tissue engineering. Therefore, we selected CeO2NPs because of their high 
antioxidant capacity and biosafety; no lung damage was observed in lung experiments (Hirst et al. 2009). 
Moreover, compared with gold and silver nanoparticles, CeO2NPs are less costly, imposing a relatively 
lighter burden on patients. During patient care, physicians should comprehensively evaluate the treatment 
plan from multiple perspectives, and humanistic care is indispensable. 

7.2. Looking ahead: CeO2NPs in biomedicine 

In the biomedical applications of nanoparticles, the efficacy of nanoparticles is by no means limited to the 
inherent properties of the particles themselves. In future experiments and clinical applications, nanopar
ticles should be integrated with advanced intelligent medical technologies. For instance, well-developed 
nano-drug delivery technology can be utilized. This technology can overcome drug hydrophobicity and 
enhance their bioavailability. Moreover, it can maintain the antioxidant state of drugs, thereby continuously 
inhibiting and scavenging ROS, enabling effective and sustained treatment of silicosis. By leveraging this 
technology to treat silicosis and other pulmonary diseases, CeO2NPs can be precisely delivered to diseased 
sites. This not only improves treatment efficacy but also reduces damage to healthy tissues, minimizes drug 
waste, and lowers treatment costs for patients. 

It is worth pondering whether combining the properties of nanomaterials with drug effects can enhance 
drug efficacy. The specific outcome needs to be verified by subsequent experiments. However, every issue 
requires a dialectical approach. While leveraging the antioxidant properties of nanomaterials, the dosage of 
these materials should also be considered. When antioxidant activity is too strong, it is uncertain whether 
drawbacks will arise and, if so, what they might be. 

CeO2NPs can also be used in combination with high-resolution imaging techniques. Monitoring the 
distribution, action, and circulation process of nanoparticles in the body provides a basis for improving 
treatment plans. Additionally, with gene-editing technology, nanoparticles can be functionally modified to 
receive signals from specific genes, enabling more precise treatment. Moreover, when combined with 
fluorescence imaging technology, this method can enhance contrast, supporting the detection of minute 
lesions in the body. 

When CeO2NPs are used in medicine, they are expected to play a crucial role in the treatment of 
nervous system diseases. Oxidative stress plays a significant role in the pathogenesis of neuro
degenerative diseases such as Alzheimer's disease and Parkinson's disease. Owing to their excellent 
antioxidant properties and tiny particle size, CeO2NPs are highly likely to cross the blood‒brain barrier 
and reach disease-affected sites. They can then scavenge excess ROS within nerve cells, mitigate 
oxidative damage, and slow the apoptotic process. In the treatment of cardiovascular diseases, 
CeO2NPs can prevent the formation and progression of atherosclerosis by inhibiting the inflammatory 
response and enhancing vascular endothelial cell function. CeO2NPs perform regenerative tasks in 
medical applications and are used to regenerate skin, muscles, etc. (Ren et al. 2022; Allu et al. 2023). 
Based on this property, it is feasible to consider the application of CeO2NPs for the treatment of 
cardiovascular diseases (Guerra-Ojeda et al. 2022). They can repair damaged blood vessels and the 
heart, thereby enhancing survival rates among patients with cardiovascular and cerebrovascular 
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diseases. CeO2NPs prevent the formation and development of atherosclerosis by suppressing the 
inflammatory response and improving the function of vascular endothelial cells. Meanwhile, given its 
antioxidant capacity, it can also be considered for use in plastic surgery. It can promote the recovery of 
surgical tissues and has the effects of beauty enhancement and anti-aging. 
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