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Skin wound healing is a complex and tightly regulated process. The frequent occurrence and reoccurrence of acute and chronic wounds cause significant skin damage to patients and impose socioeconomic burdens. Therefore, there is an urgent requirement to promote interdisciplinary development in the fields of material science and medicine to investigate novel mechanisms for wound healing. Cerium oxide nanoparticles (CeO2 NPs) are a type of nanomaterials that possess distinct properties and have broad application prospects. They are recognized for their capabilities in enhancing wound closure, minimizing scarring, mitigating inflammation, and exerting antibacterial effects, which has led to their prominence in wound care research. In this paper, the distinctive physicochemical properties of CeO2 NPs and their most recent synthesis approaches are discussed. It further investigates the therapeutic mechanisms of CeO2 NPs in the process of wound healing. Following that, this review critically examines previous studies focusing on the effects of CeO2 NPs on wound healing. Finally, it suggests the potential application of cerium oxide as an innovative nanomaterial in diverse fields and discusses its prospects for future advancements.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | This article demonstrates the therapeutic mechanism of CeO2 NPs in wound healing. Then, the application of cerium oxide as a new nanomaterial in wound healing and the prospect of its future development are presented.
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1 INTRODUCTION
Chronic and acute wounds pose significant health challenges globally. According to recent statistics from the World Health Organization, millions of people worldwide suffer from acute or chronic wounds each year resulting from accidents, trauma, or chronic diseases (Burgess et al., 2021). These wounds not only significantly impact individuals’ quality of life but also place a heavy burden on healthcare systems. It is estimated that global medical expenses related to wound care amount to tens of billions of dollars annually (Piipponen et al., 2020). Alarmingly, delays or deterioration in the wound healing process can lead to more severe complications such as infections, tissue necrosis, limb loss, and even life-threatening situations. Therefore, it is crucial to provide timely and effective wound care to protect wounds, promote healing, prevent infections and complications, and enhance patients’ comfort and psychological recovery.
Skin wound healing is a complex process that requires precise regulation of various cellular and molecular events. Numerous diseases can affect the different stages of wound healing. Consequently, discovering new therapeutic strategies that can enhance the healing of both acute and chronic wounds has always been a crucial area of research in the medical field. There is a wide range of treatments available for the healing of both acute and chronic wounds. Standard clinical treatments for wounds encompass various approaches such as skin perfusion recovery, infection management, metabolic control, complication treatment, local wound care, debridement, administration of growth factors, pressure regulation, hyperbaric oxygen therapy, and physical therapy (Comino-Sanz et al., 2021; Wang et al., 2023). Conventional dressings, such as gauze, are extensively utilized in clinics due to their convenience, affordability, and ability to quickly stop bleeding. However, they may hinder wound care and healing by promoting bacterial infections and insufficient presence of endogenous growth factors around the wound (Guo and DiPietro, 2010). Additionally, the prolonged treatment process can lead to secondary harm and have negative effects on the mental and physical wellbeing of patients. Therefore, further research on novel wound dressings that accelerate wound healing is necessary. In recent years, nanotechnology has become a promising field for developing innovative methods for wound healing due to advances in tissue engineering and regenerative medicine. The distinctive properties of nanomaterials, including their small size, high surface area-to-volume ratio, and customizable surface chemistry, make them promising candidates for wound healing applications. Nanotechnology-based methods have shown significant potential in improving wound healing outcomes through the promotion of cell proliferation and migration, inflammation reduction, angiogenesis induction, and broad-spectrum antibacterial activity. Various novel nanomaterials, including zinc oxide (Lin et al., 2017), silicon dioxide (Yang et al., 2022), gold and silver nanoparticles (Sharma et al., 2019), and cerium oxide, have been widely investigated for their potential in wound healing (Thakur et al., 2019). These nanomaterials have demonstrated positive effects on wound healing, such as excellent biocompatibility, re-epithelialization, antibacterial properties, and reduced scar formation (Baptista-Silva et al., 2021). Among them, CeO2 NPs are particularly noteworthy due to their outstanding antioxidant, anti-inflammatory, antibacterial, and angiogenic abilities, making them one of the most promising materials in this field.
CeO2 NPs exhibit advantageous physicochemical properties. CeO2 NPs have found extensive applications across diverse fields (Li et al., 2020), particularly in biomedicine, demonstrating potential for antioxidant therapy, cancer treatment, and bioimaging. Furthermore, owing to the thermal stability, favorable mechanical properties, exceptional oxygen storage capacity, and high retention rate of conjugated enzymes, the utilization of CeO2 NPs exhibits tremendous potential in wound healing (Lindholm and Searle, 2016; Singh et al., 2020).
Studies indicate that CeO2 NPs have the potential to positively impact biological processes, including inflammatory responses, cell proliferation, cell migration, and cell differentiation, thereby enhancing wound healing. Firstly, as potent antioxidants, CeO2 NPs can alleviate damage to wound tissue caused by inflammatory responses and oxidative stress (Hu et al., 2014). Secondly, they can modulate multiple cell signaling pathways, promoting cell proliferation and migration, thereby accelerating the wound healing process (Xu and Qu, 2014). Additionally, CeO2 NPs are believed to promote tissue regeneration and repair, further facilitating wound healing (Li et al., 2021; Sangha et al., 2024). These findings offer robust theoretical support for the utilization of CeO2 NPs in the realm of wound healing.
Although some promising results have been obtained, a comprehensive and in-depth understanding of the mechanisms of action and applications of CeO2 NPs in wound healing is still lacking. This review thus centers on the mechanisms of action of CeO2 NPs in wound healing and their potential applications. Through synthesizing existing research findings, this review aims to comprehensively elucidate the potential therapeutic mechanisms of CeO2 NPs in wound treatment and healing, offering a significant reference for future research and clinical applications.
2 THE PROCESS AND MECHANISM OF WOUND HEALING
2.1 Hemostasis
Hemostasis is the first step in wound healing and aims to prevent bleeding. When the skin is damaged, platelets come into contact with collagen, leading to activation and aggregation, and the central thrombin triggers the formation of a fibrin mesh, which strengthens the platelet cohesive mass into a stable clot, effectively stopping bleeding (Velnar et al., 2009; Broughton et al., 2006). The most dominant feature of the hemostatic phase is the platelet, which is the main contributor to hemostasis and clotting. Platelet cytoplasm contains growth factors and cytokines such as platelet-derived growth factor (PDGF), transforming growth factor-β (TGF-β), epidermal growth factor and insulin-like growth factor. These factors play a catalytic role in the wound healing cascade by activating neutrophils, and subsequently macrophages, endothelial cells and fibroblasts (Ellis et al., 2018). Platelets also contain vasoactive amines, such as histamine and 5-hydroxytryptamine (5-HT), which cause vasodilation and increased vascular permeability (Cañedo-Dorantes and Cañedo-Ayala, 2019). This phase lasts for minutes to hours and leads to an inflammatory phase.
2.2 Inflammatory phase
The purpose of the inflammatory response is to establish an immune barrier system against microbial invasion, removal of injury-causing factors and necrotic tissue. The inflammatory phase is characterized by infiltration of immune cells such as neutrophils, macrophages and lymphocytes (Wilkinson and Hardman, 2020). Neutrophils clean cellular debris and bacteria, providing a well infiltrated wound site for wound healing (Futosi et al., 2013). Secondly, highly abundant macrophages destroy and remove bacteria, foreign particles and damaged tissue. The phagocytosis products trigger the release of cytokines, growth factors, reactive oxygen species (ROS) and protein hydrolases, which in turn attract more immune cells to the site of injury (Zhao et al., 2016). During wound healing, the wound is populated by two macrophage subpopulations, pro-inflammatory (M1) and anti-inflammatory (M2) (Koh and DiPietro, 2011). The pro-inflammatory or anti-inflammatory phenotype of macrophages is tightly controlled by signaling pathways (Wilkinson and Hardman, 2020). Finally, the cells that enter the wound are lymphocytes, which are attracted to interleukin-1 (IL-1), complement components, and immunoglobulin G (IgG) breakdown products 72 h after injury (Wang et al., 2014). IL-1 plays an important role in the regulation of collagenase, which plays an important role in collagen remodeling, production of extracellular matrix components and their degradation. This phase begins immediately after injury, usually lasts four to 6 days, and is often accompanied by edema, erythema (reddening of the skin), inflammation, and pain.
2.3 Proliferative phase
The proliferative phase is characterized by the accumulation of large numbers of cells and connective tissue leading to epithelial closure, reconstruction of damaged areas, and tissue regeneration (Midwood et al., 2004). Epidermal growth factor (EGF) initiates re-epithelialization of the epidermis, stimulating keratin formation and cell protrusion, adhesion, contraction, and detachment (Ilina and Friedl, 2009). Angiogenesis is the formation of new capillaries in blood vessels, which grow mainly from small veins near the injury. Angiogenesis contributes to cell proliferation, migration, and collagen production (Betz et al., 2016). Stimulation by vascular endothelial growth factor (VEGF) involves three major steps, namely, endothelial cell movement, differentiation and maturation. First, in response to a vascular stimulus, endothelial cells produce certain proteases that degrade to the basement membrane of the vessel on the stimulated side. After about 24 h, the endothelial cells move across the basement membrane toward the stimulus and begin to divide and proliferate, forming solid bundles of cell strips. As a result of the maturation of the endothelial cells and the impact of blood flow, the middle portion of the neoplastic cell strip bundles opens up, and blood flow enters therefrom, forming newborn capillaries (Sorg et al., 2017). Together, the new capillaries and proliferating fibroblasts are known as granulation tissue, which is necessary for connective tissue repair. Fibroblasts and myofibroblasts migrate to the wound site and rebuild new tissue. Fibroblasts are responsible for synthesizing extracellular matrix (ECM) and collagen, which is an essential protein for maintaining the structural integrity of tissues (Wilkinson and Hardman, 2020). Myofibroblasts are specialized in migrating cells that help bring the edges of injured skin closer together. The proliferative phase usually lasts for days and weeks.
2.4 Remodeling phase
Remodeling is the final phase of wound healing and is responsible for the development of new epithelium and eventual scar tissue formation. The remodeling phase is characterized by the deposition of collagen, rearrangement of fibers and contraction of scar tissue (Tracy et al., 2016). The remodeling phase requires a precise balance between apoptosis of existing cells and the production of new cells. Extracellular matrix synthesis during the proliferation and remodeling phases is initiated concurrently with granulation tissue development and can last for several years (Velnar and Bailey, 2009). The gradual degradation of large amounts of extracellular matrix (ECM) and immature type III collagen during the remodeling phase and the gradual formation of mature type I collagen lead to an increase in the tensile strength of the newly formed tissue (Darby et al., 2014; de Oliveira Gonzalez et al., 2016; Wang et al., 2024). The newly formed fibers and collagen structures are relatively heterogeneous and may take years to reorganize correctly. In particular, the differentiation of fibroblasts into myofibroblasts contributes to the reduction of wound size. Once wound contraction is complete, apoptosis occurs in the population of immune cells, blood vessels and myofibroblasts (Hinz and Gabbiani, 2003; Di Pietro, 2013).
The remodeling phase of the healing process is very complex, and any aberrations at this stage can lead to excessive wound healing or chronic wounds (Gabbiani, 2003). It is often influenced by local and systemic factors, including infection, local maceration, age, nutritional status, and body size (whole body), all of which have a relationship with healing (Růžička et al., 2021). Bacterial infections often lead to the formation of exudates and biofilms that exhibit persistent abnormal inflammation and the development of a number of post-infectious complications, thus hindering the wound healing process. Hypoxia inhibits the wound healing process and increases the risk of infection by blocking fibroblast proliferation, collagen production, and capillogenesis. This phase lasts for months or years.
3 PROPERTIES AND SYNTHESIS OF CEO2 NPS
3.1 Properties of CeO2 NPs
CeO2 generally occurs as the fluorite phase, with a face-centered cubic (fcc) crystal structure (Figure 1). Each cerium ion coordinates with eight oxygen ions. The electronic structure of cerium ([Xe]4f15d16s2) enables the reversible charge transfer between Ce4+ and Ce3+ states (Mehta et al., 2020). The properties of CeO2 are mainly influenced by its cubic fluorite lattice structure, which has many oxygen vacancies. These vacancies enable Ce oxides to possess both reduced CeO2 (Ce4+) and oxidized CeO2 (Ce3+) states (LI et al., 2018; Özkan et al., 2020). Ce3+ and Ce4+ can undergo interconversion during redox reactions, exhibiting activities that mimic superoxide dismutase (SOD) and catalase (CAT) (Celardo et al., 2011a; Kargozar et al., 2018). A high surface ratio of Ce3+/Ce4+ effectively catalyzes SOD mimic activity, whereas a low surface ratio of Ce3+/Ce4+ catalyzes CAT mimic activity. By controlling the Ce4+/Ce3+ ratio on the surface of CeO2 nanoparticles, it is possible to eliminate reactive oxygen species (ROS), which protects cells from oxidative stress damage and maintains a balance between macrophage anti-inflammatory and pro-inflammatory cytokines, thereby creating an anti-inflammatory microenvironment (Wang et al., 2015).
[image: Figure 1]FIGURE 1 | Crystal structure diagram of CeO2.
3.2 Synthesis of CeO2 NPs
The synthesis of CeO2 can be classified according to various principles. For instance, depending on the conditions of powder synthesis, the methods can be divided into gas-phase, solid-phase, and liquid-phase methods. Furthermore, they can be classified as physical or chemical methods based on the underlying reaction mechanisms. Physical methods the milling methods, detonation, microwave, melting, and combustion, while chemical methods involve precipitation, sol-gel, hydrothermal, and electrochemical methods (Darroudi et al., 2014a; Charbgoo et al., 2017a; Nadeem et al., 2020). The method of synthesizing the nanoparticles is represented in Figure 2. Each method has its own advantages and limitations, which should be carefully considered when selecting a synthesis method (Nosrati et al., 2023). The milling methods is a fast, environmentally friendly, repeatable, and cost-effective executable technology, but there are also some problems, such as the possibility of environmental pollution, the tendency of nanoparticles to agglomerate, the formation of irregularly shaped nanoparticles, and the long time required for milling and cleaning (Naidi et al., 2021). Precipitation is the most commonly used method for the synthesis of CeO2 NPs, which produces nanoparticles with smaller size distributions and higher purity, but is also more complex and time-consuming (Sun et al., 2021). The sol-gel method is a versatile technique that can be used to synthesize CeO2 NPs of various sizes and shapes. It also allows precise control of the composition and purity of the nanoparticles. However, the process can be time-consuming and requires careful control of reaction conditions (Hosseini et al., 2020). The combustion method is a quick and easy method. However, this method requires careful control of experimental conditions to avoid unnecessary side reactions and obtain nanoparticles with the desired properties (Ghahramani et al., 2020).
[image: Figure 2]FIGURE 2 | Synthesis methods of CeO2 NPs. Adapted from “Basic Methods of Nanoparticle Synthesis”, by BioRender.com (2020).
CeO2 NPs synthesized using different methods exhibit distinct characteristics. The unique morphologies (e.g., nanocubes, nanorods, octahedra) and exposed crystal faces (e.g (111), (110), (100)) of nanoceria enable convenient synthesis and investigation of the structure-activity relationships in catalysts (Mai et al., 2005; Xu et al., 2021). Studies indicate that rod-shaped CeO2 NPs possess greater safety and efficacy as antioxidants (Ozkan et al., 2020). Additionally, research suggests that the crystal morphology and size of nanoceria may play pivotal roles in its cytotoxicity (de Oliveira et al., 2020). Certain sizes of CeO2 NPs demonstrate elevated reactivity and interact strongly with the nanostructure and metal substrates (Castano et al., 2015; Huang et al., 2018). Size additionally impacts the enhancement of electronic conductivity, pressure-induced phase transitions, size-induced lattice relaxation, and blue shift observed in the ultraviolet absorption spectra of CeO2 NPs (Singh et al., 2018). Size can either restrict or enhance the cellular uptake of CeO2 NPs while influencing biological parameters such as biologic half-life, diffusivity, immunogenicity, as well as in vivo and in vitro toxicity (Dahle and Arai, 2015; Eriksson et al., 2018a).
The choice of synthesis conditions has a significant impact on the final product. This means that nanomaterials produced using different methods will possess distinct physical and chemical properties. It is essential to identify the synthesis methods, particularly when considering their applications in medical fields, as the properties of nanoparticles directly influence their interactions with biological interfaces. Conventional physical and chemical methods used for CeO2 synthesis often involve the use of toxic solvents or reagents, as well as the addition of external stabilizers or capping agents, which can reduce the biosafety of CeO2. For instance, in chemical synthesis methods, toxic substances may adsorb onto the surface of nanoparticles, potentially causing adverse effects in the biological environment. Therefore, the adoption of novel synthesis methods for obtaining CeO2 is particularly crucial for its biomedical applications.
The green synthesis of CeO2 NPs has attracted attention due to their abundance, biocompatibility, and environmental friendliness (Charbgoo et al., 2017a). The main methods for green synthesis of CeO2 NPs include plant-mediated, fungus-mediated, polymer-mediated, and nutrient-mediated synthesis (Darroudi et al., 2014a). In plant-mediated methods, plant extracts function as stabilizers and capping agents, resulting in the production of relatively larger CeO2 NPs (Eriksson et al., 2018b; Darroudi et al., 2014b; Nosrati et al., 2023), which are currently unsuitable for biomedical applications (Charbgoo et al., 2017b). The plant-mediated methods demonstrates the advantages of high speed, High speed, eco-friendly, pollutant- and toxicity-free, more cost-effective (no cost for culture media and microorganism isolation), simple handling, stable and non-aggregated NPs, scalability, while also not required performing genetic manipulation like microorganisms (Zuhrotun et al., 2023). Fungus-mediated methods (fungal synthesis) address this problem by producing smaller CeO2 NPs (Kargar et al., 2015), which exhibit higher stability, water dispersibility, and fluorescence properties (Nyoka et al., 2020). Polymer-mediated CeO2 NPs offer advantages in terms of manageability, cost-effectiveness, and the utilization of less time-consuming and energy-consuming techniques. Biologically oriented synthesis of CeO2 using natural substrates as stabilizers provides a safer approach to preparing CeO2 NPs, thereby alleviating concerns regarding biocompatibility (Naidi et al., 2021). An example of this is the production of water-dispersible nanopowders using PEG in aqueous solutions (Sun et al., 2021). The synthesis of CeO2 NPs using nutrients is highly cost-effective (Charbgoo et al., 2017a; Seal et al., 2020). For example, when egg white is used as a substrate for synthesizing CeO2 NPs, the egg white proteins act as stabilizers, resulting in controlled isotropic growth of small CeO2 NPs (Johnson and Wilgus, 2014). The development of various methods for the green synthesis of CeO2 NPs enables them to enhance both the speed and quality of wound healing. In particular, CeO2 NPs synthesized through green methods have demonstrated both promising antibacterial and excellent antioxidative potential in vitro (Das et al., 2014). However, the exact mechanisms, toxicity, in vivo studies, and environmental concerns related to these nanoparticles remain unresolved despite their promising potential.
4 GENERAL PROPERTIES OF CEO2 NANOPARTICLES FOR WOUND HEALING
CeO2 NPs have been shown to exhibit various biological properties, which contribute to their extensive utilization in the field of biomedical applications. CeO2 NPs have been shown to facilitate wound healing through the mitigation of inflammation, reduction of oxidative stress responses, mitigation of infection risks, and promotion of angiogenesis throughout the wound healing process (Walkey et al., 2015). These attributes render CeO2 NPs a promising candidate for application in wound healing.
4.1 Promoting angiogenesis
CeO2 NPs can both promote and inhibit the new blood vessels (Das et al., 2012a; Chigurupati et al., 2013; Cheng et al., 2021a). Studies have shown that CeO2 NPs with diameters ranging from 3–5 nm and a higher surface Ce3+/Ce4+ ratio can stimulate the formation of vascular endothelial cell tubes in vitro. Smaller nanoparticles (≤15 nm) and higher surface Ce3+/Ce4+ ratios strongly induce angiogenesis (Figure 3). It has been observed that CeO2 NPs induce angiogenesis by modulating the intracellular oxygen environment. A correlation was found between the ability of nanoparticles to decrease intracellular oxygen levels and their potential to induce angiogenesis (Popova et al., 2020). Researchers have further investigated the impact of CeO2 NPs on the wound healing process due to their ability to modulate angiogenesis. Furthermore, CeO2 NPs promote tissue regeneration by alleviating oxidative stress. Importantly, CeO2 NPs may exhibit anti-angiogenic properties depending on the microenvironment, possibly due to their pH-dependent activity (Descamps and Emanueli, 2012).
[image: Figure 3]FIGURE 3 | The influence of environment on promoting angiogenesis. Referenced and reproduced with permission (Xue et al., 2024).
CeO2 NPs can also induce vasoconstriction, activate thrombin, and facilitate platelet aggregation. CeO2 NPs regulate multiple signaling pathways, including PI3K/Akt, ERK/MAPK, and Wnt/β-catenin, to activate cell proliferation and growth. CeO2 NPs promote cell proliferation and growth through the regulation of these signaling pathways. Moreover, they enhance the activities of catalase (CAT) and superoxide dismutase (SOD), which safeguards cells from damage and facilitates wound healing. Additionally, they stimulate angiogenesis and endothelial cell proliferation, while enhancing nutrient supply to the wound site (Das et al., 2007). Research has demonstrated that CeO2 NPs facilitate the transportation of oxygen and nutrients to the injured site through vascular endothelial growth factor (VEGF) (Gopinath et al., 2015). The mediation of CeO2 NPs is facilitated by Ref-1/APEI signaling and the HIF-1α pathway. The decrease in oxygen levels temporarily triggers the nuclear translocation of hypoxia-inducible factor 1α (HIF-1α). Consequently, this stimulation leads to the expression of numerous proteins implicated in angiogenesis. Through its association with HIF-1α activation, the Ref-1/APEI signaling pathway provides direct support for the angiogenic effect of CeO2 NPs. The viability and angiogenesis of HUVECs were observed to be correlated with the upregulation of HIF-1α expression (Ludin et al., 2014; Abdal Dayem et al., 2017). In addition, CeO2 NPs counteract high levels of oxidative stress by eliminating ROS and promoting the survival of endothelial cells. Over time, this process fosters cellular generation and various endothelial cell functions, ultimately facilitating tissue repair, regeneration, and expediting the wound healing process (Damle et al., 2019; Ahmad et al., 2023). The mechanism by which cerium oxide nanoparticles promote angiogenesis is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Mechanism of CeO2 NPs promoting angiogenesis.
4.2 Redox activity
CeO2 NPs demonstrate excellent antioxidant properties, which aid in alleviating oxidative stress and inflammatory responses, thus promoting the wound healing process. Antioxidation safeguards cells from oxidative stress by allowing Ce3+ and Ce4+ oxidation states to fulfill antioxidative and pro-oxidative roles. The antioxidative effects of CeO2 NPs primarily stem from their redox capability, which is attributed to the abundance of Ce3+ and Ce4+ ions on their surface. These ions continuously interconvert, absorbing or releasing oxygen molecules as part of a redox cycle. Consequently, a redox bipolar layer forms on the surface of CeO2 NPs, offering cellular protection during oxidative stress and inflammatory responses (Cheng et al., 2021b). Additionally, CeO2 NPs can activate the Nrf2 signaling pathway to enhance the production and release of cellular antioxidants, thereby increasing cellular antioxidant capacity. CeO2 NPs also act on endothelial cells. In endothelial cells, CeO2 NPs did not affect cell viability, reduced oxidative stress, and inhibited mRNA-TF expression, VCAM-1 expression and cytokine release (Del Turco et al., 2019). All these remarkable features rely on the Ce3+/Ce4+ redox reaction (Naganuma, 2017).
Additionally, CeO2 NPs demonstrate outstanding enzymatic mimicry. They possess the ability to eliminate ROS (such as superoxide anion radicals) and reactive nitrogen species (such as nitric oxide radicals). Studies have demonstrated that the enzymatic activities of CeO2 NPs mimic antioxidants in a concentration-dependent manner, as evaluated by the DPPH radical scavenging test, superoxide dismutase (SOD) mimic activity test, and catalase mimic activity test. Catalase mimic activity measurements revealed that the activity increased until a concentration of 1,000 μg/mL of CeO2 NPs was reached (Ighodaro and Akinloye, 2018). Catalase (CAT) and superoxide dismutase (SOD) are enzymes with antioxidative properties, and one of the capabilities of CeO2 NPs is to eliminate ROS. Through the increase in catalase (CAT) mimic activity using Ce4+ ions and superoxide dismutase (SOD) mimic activity using Ce3+ ions (Burello and Worth, 2011; Kaarniranta et al., 2019; Lu et al., 2016), ROS can be eliminated. ROS, as signaling mediators, regulate cell growth, proliferation, differentiation, apoptosis, and autophagy (Nelson et al., 2016; Dutta et al., 2022). However, elevated levels of ROS can induce oxidative stress responses and contribute to pathogenesis (Datta et al., 2020). Additionally, CeO2 NPs can scavenge ROS at high concentrations and acidic pH, while reducing radicals at low concentrations and neutral pH (Khurana et al., 2018). Therefore, the antioxidant properties of CeO2 NPs depend on the concentration and pH value. Moreover, CeO2 NPs can undergo self-renewal and switch flexibly between antioxidative and pro-oxidative states (Liu et al., 2020). Pro-oxidative properties dominate at lower pH values (Clark et al., 2011). Pro-oxidative systems increase oxidative stress, which ultimately leads to cell apoptosis (Celardo et al., 2011b). Numerous experimental data show that CeO2 NPs protect against cell apoptosis induced by oxidative stress (Augustine et al., 2020; Purohit et al., 2020). In fact, the antioxidant system serves as the foundation for anti-apoptotic and pro-survival actions. The antioxidative properties of CeO2 NPs catalyze the decomposition of ROS, promoting rapid wound healing (Zholobak et al., 2016; Sadidi et al., 2020). The antioxidant mechanism of cerium oxide nanoparticles is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Antioxidation mechanism of cerium oxide nanoparticles.
4.3 Antibacterial properties
CeO2 NPs exhibit antibacterial activity by inhibiting wound infections and bacterial growth, thereby reducing infection risks. The main antibacterial mechanism of CeO2 NPs involves direct contact with the bacterial membrane. Firstly, positively charged nanoparticles adsorb onto the negatively charged membrane of both Gram-negative and Gram-positive bacteria, causing them to adhere to the bacterial surface. This adsorption prevents the nanoparticles from penetrating the bacterial membrane, enabling them to persist on the bacterial surface for an extended period of time. Subsequently, these nanoparticles alter the viscosity of the membrane, disrupt the function of specific ion pumps, and significantly impact the exchange of substances between bacterial cells and the environment, thereby ultimately hindering bacterial growth (Babenko et al., 2012). Secondly, once CeO2 NPs are adsorbed onto the outer membrane of bacterial cells, they exert detrimental effects on proteins. One consequence of this interaction might be the release of cerium ions, which could disturb the bacterial electron flow and respiration (Li et al., 2012). Furthermore, these released ions might react with thiol groups (-SH) or be absorbed by transporters and/or pore proteins, potentially impeding nutrient transport (Das et al., 2012b). Moreover, the irregular shapes and rough edges of CeO2 NPs may induce physical damage to the bacterial membrane, particularly in Gram-positive bacteria. The main cause of nanomaterial toxicity in certain biological systems is the generation of ROS, which leads to oxidative stress (Park et al., 2020). ROS can induce the chemical breakdown of different organic components in microbes, leading to significant harm to bacteria. CeO2 NPs can also increase ROS levels in bacterial cells, potentially resulting in damage to DNA, RNA, proteins, lipids, and polysaccharides. Studies demonstrate the indirect interaction between CeO2 NPs and microbes enclosed in polysaccharides or forming biofilms, as CeO2 NPs are unable to directly penetrate the cell membrane (Chen et al., 2017). In this particular mechanism, the release of cerium ions from nanoparticle dissolution and the formation of ROS on the particle surface are of vital importance. ROS can target nucleic acids, proteins, polysaccharides, lipids, and other biomolecules, resulting in functional impairment and ultimately leading to the death and decomposition of bacteria. CeO2 NPs induce oxidative stress in the presence of bacteria (E. coli) by interacting with lipids or proteins within the microbial cells (Hirst et al., 2009). Hence, the antibacterial mechanism of CeO2 NPs is primarily mediated through the induction of oxidative stress by intracellular reactive oxygen species (ROS) (Sharma et al., 2020). The mechanism of antimicrobial activity of cerium oxide nanoparticles is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Antibacterial mechanism of cerium oxide nanoparticles.
4.4 Anti-inflammatory effects
The excessive and prolonged generation of ROS leads to oxidative stress, which contributes to the progression of inflammation and tissue damage. Therefore, because of their ability to scavenge ROS, CeO2 NPs are considered as anti-inflammatory agents. Studies have shown that CeO2 NPs can quench ROS in J774A cells and inhibit the production of iNOS. Hence, CeO2 NPs have potential therapeutic applications in the treatment of inflammatory diseases (Hirst et al., 2009). CeO2 NPs possess the ability to clear ROS, suppress inflammation, reduce cytokine levels, and protect cells both in vivo and in vitro. By inhibiting oxidative stress and activating the NF-κB signaling pathway, CeO2 NPs can reduce apoptosis and the release of inflammatory mediators, thereby lowering inflammation. Additionally, CeO2 NPs can inhibit the activity of epigenetic modifying enzymes, further reducing inflammatory responses. The anti-inflammatory effect of cerium oxide nanoparticles on endothelial cells plays a key role in wound healing and promotes rapid wound repair, Gojova A et al. incubated with CeO2 NPs at different concentrations (0.001–50 μg/mL) for 4 h, and subsequently measured the mRNA levels of three inflammatory markers, intercellular ad HAECs hesion molecule 1 (ICAM-1), interleukin (IL)-8, and monocyte chemotactic protein (MCP-1), using real-time polymerase chain reaction (PCR). (IL)-8 and monocyte chemotactic protein (MCP-1) mRNA levels. Even at the highest dose, CeO2 NPs rarely induced an inflammatory response in HAEC. This material is apparently harmless compared to Y (2)O (3) and ZnO nanoparticles that we have previously studied. These results suggest that the inflammatory response of HAEC after acute exposure to metal oxide nanoparticles is highly dependent on the particle composition. CeO2 NPs demonstrated excellent anti-inflammatory effects (Gojova et al., 2009). In another study, J. Ribera et al. evaluated the effects of albumin-coated 4 nm CeO2 NPs on primary endothelial cells isolated from the portal vein of cirrhotic rats and found that treatment with CeO2NPs reduced the pro-inflammatory state of endothelial cells, promoted an M2-like phenotype in macrophages in endothelial cell-conditioned media (antioxidant/regenerative), and reduced M1 polarization (pro-oxidant/defensive) (Ribera et al., 2019).
Research suggests that the distinctive valence state of CeO2 NPs serves as a scavenger for free radicals, enabling them to eliminate ROS or free radicals and suppress the generation of inflammatory mediators in macrophages (Saleh et al., 2020). They are also capable of downregulating the gene expression of pro-inflammatory cytokines (TSLP, Leukemia Inhibitory Factor (LIF), interleukin three and interleukin 7 (IL3 and IL7)), while increasing the expression of anti-inflammatory IL-6 and IL-13 (Kyosseva et al., 2013). Previous studies have demonstrated that CeO2 NPs do not induce an inflammatory response, even at high concentrations, such as 50 μg/mL (Wei et al., 2021). Some experimental data also indicate that CeO2 NPs have the potential to alleviate inflammation both in vitro and in vivo, thereby reducing the production of ROS in inflammatory conditions (Wang et al., 2018). Researchers have conducted in vivo studies, revealing that CeO2 NPs deposited in mouse tissues are non-pathogenic (Gagnon and Fromm, 2015; Bai et al., 2020; Ezhilarasu et al., 2020). Therefore, CeO2 NPs can alleviate inflammatory responses and decrease ROS production in inflammatory conditions.
The anti-inflammatory mechanism of cerium oxide nanoparticles is demonstrated in Figure 7.
[image: Figure 7]FIGURE 7 | Anti-inflammatory mechanism of cerium oxide nanoparticles.
5 APPLICATIONS OF CEO2 IN WOUND HEALING
Cerium oxide nanoparticles are often combined with other biomaterials for healing efficacy investigations. This integration is crucial for effectively releasing nanoparticles, extending drug release duration, and accelerating wound healing. Ultimately, the goal of this strategy is to expand the utilization of CeO2 in wound healing and improve treatment efficiency. In this article, we explore recent and relevant studies demonstrating the potential of CeO2 NPs conjugated polymeric scaffolds in wound healing applications. Specifically, the potential use of CeO2 NPs in repairing diabetic wounds has a significant impact on wound healing (Barbu et al., 2021; Chen et al., 2021; Stan et al., 2021).
5.1 CeO2 NPs with GelMA hydrogel
A hydrogel patch made of biodegradable gelatin methacryloyl (GelMA), which contains CeO2 NPs, was developed to enhance the healing of diabetic wounds. A composite, injectable hydrogel consisting of cerium-containing bioactive glass (Ce-BG) and GelMA was prepared for the treatment of diabetic skin wounds. This composite hydrogel demonstrated multifunctional properties, including the inhibition of bacterial growth and enhancement of angiogenic activity, leading to an acceleration in the healing process of diabetic skin wounds (Augustine et al., 2021). Additionally, a wound healing patch composed of gelatin methacryloyl hydrogel loaded with CeO2 NPs was developed (Sener et al., 2020; Dewberry et al., 2022). The morphology, physical-mechanical properties, radical scavenging activity, in vitro cell proliferation, and in vivo diabetic wound healing activity of this patch were extensively analyzed. The highly porous and biodegradable patch exhibited excellent capability in absorbing exudate. In conclusion, the results indicate that the GelMA hydrogel loaded with CeO2 NPs has significant potential as a material for the development of therapeutic patches for the treatment of diabetic wounds, demonstrating good efficacy and promising prospects in wound healing. (Figure 8).
[image: Figure 8]FIGURE 8 | The wound was treated with a combination of CeO2 NPs and GelMA hydrogel. Referenced and reproduced with permission (Kyosseva et al., 2013).
5.2 CeO2 NPs with microRNA-146a
The CNP-miR146a conjugate, consisting of CeO2 NPs and microRNA (miR)-146a, was found to enhance diabetic wound healing. CeO2 NPs, a divalent metal oxide, functions as an antioxidant by scavenging free radicals, and miR146a inhibits the pro-inflammatory NFκB pathway. Consequently, CNP-miR146a exerts a synergistic effect in regulating both oxidative stress and inflammation. Intradermal injection of CNP-miR146a was found to promote collagen production, enhance angiogenesis, reduce inflammation and oxidative stress, ultimately resulting in accelerated closure of diabetic wounds (Stager et al., 2022). Additionally, a biomaterial system based on an amphoteric ionic cryogel (gel formed at sub-zero temperatures) incorporating CNP-miR146a was developed. This system is suitable for local injection, self-healing, and provides sustained release of therapeutic molecules (Zgheib et al., 2019). The researchers utilized CeO2 NPs tagged with microRNA-146a (CNP-miR146a) to address oxidative stress and inflammation. In an in vivo diabetic mouse wound healing model, both the amphoteric ionic hydrogel alone and the hydrogel loaded with CNP-miR146a conjugate demonstrated significant improvements in diabetic wound healing rates (Niemiec et al., 2020). A dose of 100 ng of CNP-miR146a was found to improve diabetic wound healing without compromising the biomechanical properties of the healed skin (Rivera-Briso and Serrano-ArocaÁ, 2018). Moreover, research has shown that nano-silk can enhance the strength of diabetic skin, delivering CNP-miR146a to improve wound healing. The nano-fiber solution not only enhances the biomechanical properties of diabetic skin but also successfully delivers CNP-miR146a, thereby improving diabetic wound healing through the inhibition of pro-inflammatory gene signaling and the promotion of fibrogenic processes (Augustine et al., 2020). In conclusion, this nanotechnology-based therapy shows promise, and future research should focus on translating it into clinical applications (Figure 9).
[image: Figure 9]FIGURE 9 | The wound was treated with a combination of CeO2 NPs and microRNA-146a.
5.3 CeO2 NPs with PHBV (Poly (3-hydroxybutyrate-co-3-hydroxyvalerate))
PHBV(Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)) is a biodegradable, non-toxic, and biocompatible polyhydroxyalkanoate polymer (Luo et al., 2023). Cell membranes made of PHBV and encapsulating CeO2 NPs have shown potential in the treatment of complications in diabetic wound healing. In in vivo experiments on diabetic rats, this membrane demonstrated the ability to repair wounds. We developed a novel membrane made of electrospun poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing CeO2 for applications in diabetic wound healing. We evaluated the membrane’s potential for cell proliferation, angiogenesis, and wound healing through in vitro cell adhesion studies, chick embryo angiogenesis assays, and in vivo experiments on diabetic wound healing. The results showed that the PHBV membrane containing CeO2 promoted cell proliferation and adhesion when used as a wound dressing, leading to improved healing of diabetic wounds (Aalapati et al., 2014). We prepared nanofibers using the electrospinning method, which were based on PHBV and CeO2 NPs. The electrospinning process resulted in the formation of highly porous nanofiber matrices, enabling the free diffusion of oxygen and nutrients. This facilitates rapid and successful wound healing (Sadidi et al., 2020). CeO2 NP containing PHBV promotes wound healing in Figure 10.
[image: Figure 10]FIGURE 10 | The wound was treated with a combination of CeO2 NPs and PHBV (Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)).
6 RECENT ADVANCEMENTS
In order to have a deeper understanding of CeO2 NP, researchers have actively studied and summarized new research progress on CeO2 NPs. Firstly, Pandey S et al. found that different temperature ranges had a strong effect on the redox activity of CeO2 NPs, and observed that the superoxide dismutase mimetic activity decreased with decreasing temperature. CeO2 NP were also found to inhibit α-amylase activity by up to 60% at a concentration of 1 mM, suggesting their potential application in anti-diabetic wound healing therapy. In conclusion, CeO2 NP have found application in mitigating oxidative stress-related diseases exhibited by their high antioxidant, antimicrobial and antidiabetic behavior (Pandey et al., 2024). Secondly, Bai Y et al. state that due to their excellent catalytic activities, CeO2 NP have promise as biological nanoenzymes. A redox reaction occurs between Ce3+ ions and Ce4+ ions during which they undergo conversion by acquiring or losing electrons as well as forming oxygen vacancies (or defects) in the lattice structure, which can act as antioxidant enzymes and simulate various enzyme activities. A number of CeO2 NPs have been engineered with multienzyme activities, including catalase, superoxide oxidase, peroxidase, and oxidase mimetic properties. CeO2 NPs have nitric oxide radical clearing and radical scavenging properties and have been widely used in a number of fields of biology, including biomedicine, disease diagnosis, and treatment (Bai et al., 2024). In addition, new advances have also been made in the molecular pathways involved in wound healing with CeO2 NP. He S et al. found NLRP3 pathway-targeting ability to mediate mitochondrial function recovery. DEGs significantly enriched in immune, metabolic and complement cascade related pathways, particularly in NLRP3 pathway. TNFR2 non-canonical NF-kB pathway and TNFs binding their physiological receptors pathways were also enriched. Specifically, though treated with CeO2–Y@ZIF-8@Gel, the Ox-mtDNA was either repaired or less escaped within mitochondria via mPTP-dependent channels to inhibit cytosolic NLRP3 inflammasome (a key sensor and effector of tissue damage) initiation and IL-1β secretion leading Macrophages polarization. Meanwhile, cGAS-STING pathway activation in Macrophages was reduced as less mtDNA was uptaken and Macrophages ultimately exhibited polarization to the anti-inflammatory phenotype (He et al., 2024). Conventional nanozymes have limitations in preventing the continuous production of ROS, including the most oxidizing reactive hydroxyl radical (·OH), although they can remove pre-existing ROS. Zhu Z et al. found that a novel antioxidant nanoplatform addresses this challenge by incorporating JSH-23 into the mesoporous of cupric-doped cerium oxide nanozymes. Additionally, for rapid wound adaptability and durable tissue adhesion, a nanozyme hydrogel spray consisting of oxidized sodium alginate and methacrylate gelatin is constructed, named OG@CCJs. This platform resurrects Nrf2 transcriptional activity of macrophages in vitro, curbing the production of ROS at its source, particularly ·OH, while enabling the nanozymes to scavenge previously generated ROS. OG@CCJs significantly alleviate oxidative stress in diabetic wounds in vivo, promoting wound healing. Overall, the proposed nanozyme-hydrogel spray with enhanced ·OH-scavenging activity uses a “two-track” antioxidant strategy to rebuild the antioxidant defense barrier of macrophages (Zhu et al., 2024). Carvajal S et al. showed that CeO2 NPs reverted the H2O2-mediated increase in the phosphorylation of peptides related to cellular proliferation, stress response, and gene transcription regulation, and interfered with H2O2 effects on mTOR, MAPK/ERK, CK2A1, and PKACA signaling pathways (Carvajal et al., 2019).
In conclusion, these latest researches will push the research of CeO2 NPs to be more perfect, and together they will promote the development of biomedicine, which will be more favorable to the development of nanoparticles in the future, and push more researchers to carry out researches to improve the nanoparticles.
7 CHALLENGES AND PROSPECTS
7.1 Toxicity and safety of CeO2 NPs
Although the potential of CeO2 NP in various biomedical applications has been demonstrated, there are still shortcomings in the existing studies (Rzigalinski et al., 2017; Maccarone et al., 2020). In terms of toxicity considerations, the toxicity of CeO2 NPs is affected by a variety of factors, including particle size, synthesis method, cell type, dose/concentration, exposure time and exposure route (Li et al., 2023). First, in terms of dose and concentration, CeO2 NPs are generally not toxic in vivo at therapeutic doses. However, excessive release of cerium ions and at high doses (>1 10th of a milligram of CeO2 per kilogram of animal) show toxicity. The rapid release of CeO2 NPs has the following potential toxicity issues: first, the rapidly released cerium oxide nanoparticles may have direct toxic effects on cells and tissues around the wound. These toxic effects may include oxidative stress, apoptosis, DNA damage, etc., leading to damage of cell structure and function. These damages may delay the wound healing process and even trigger complications such as inflammation and infection. Second, cerium oxide nanoparticles may also interact with biomolecules in the wound and interfere with normal biological processes. For example, they may bind to biomolecules such as proteins and DNA, affecting their function and expression. These interferences may negatively affect the wound healing process, such as affecting cell proliferation, migration and differentiation. In addition, rapidly released cerium oxide nanoparticles may trigger an immune response, leading to inflammation and activation of immune cells. Although a moderate immune response can help wound healing, an excessive immune response may lead to tissue damage and increased inflammation, thereby affecting wound healing. Therefore, the potential risks of cerium oxide nanoparticles in wound healing should be carefully evaluated in practical applications and appropriate protective measures should be taken to ensure patient safety. So determining the ideal concentration of CeO2 NPs that stimulates cell growth in natural tissues and accelerates the healing process is challenging and requires precise control of the surface chemistry, particle size, physicochemical properties, route of administration, and synthesis method of CeO2 NPs. The identification of the optimal concentration is similar to its consideration of the factors influencing the toxicity of CeO2 NPs. In terms of morphology, different morphologies have different toxicities; Ji et al. observed that CeO2 NPs (ranging in length from a few hundred nanometers to a few micrometers) induced a gradual increase in IL-1β production by producing lysosomal damage, whereas CeO2 nanospheres and shorter nanorods did not show significant toxicity (Ji et al., 2012). The time and route of exposure play an important role in the toxicity of CeO2 NPs, as shown by Carlander et al., who administered CeO2 NPs of different sizes, coatings, and dosages to rats via different routes of exposure, which showed that the biokinetics of CeO2 NPs are not only dependent on the properties of the NPs (size and coatings), but also on the conditions of the exposure (routes and dosages) (Carlander et al., 2018). Mackevica et al. found that extrapolations of results obtained under high exposure conditions may not be applicable to real-world environmental conditions, as higher NP concentrations may lead to increased NP-to-cell ratios, which can cause testing errors (Mackevica et al., 2023). Surface modifiers can also affect NPs, Fisichella et al. found that uncoated CeO2 NPs downregulated key genes involved in metabolic activity, whereas ammonium citrate-coated CeO2 NPs did not show any detrimental effects at the same concentration (Fisichella et al., 2014). From a cost consideration, CeO2 NPs, as a rare earth oxide metal, are expensive and costly to use compared to other wound healing materials and do not offer a price advantage, which economically hinders the possibility of nanomedicine becoming a reality. From a standardization point of view, CeO2 NPs research lacks uniform standards and there may be differences between studies that make it difficult to make comparisons. Cerium dioxide nanoparticles have similar safety concerns as other insoluble nanomaterials. For example, the incorporation of CeO2 into polymer matrices such as 3D scaffolds may improve biocompatibility, but may also reduce therapeutic efficacy (Singh et al., 2021; He et al., 2023). Therefore, harmonization of standards will help to improve the potential and safety of cerium oxide nanoparticles. A major drawback from intellectual and technical considerations is that the safety of nanomaterials is still a widely debated topic. Currently, cerium oxide nanoparticles have shown excellent wound healing ability in animal experiments. For example, animal experiments conducted by Zhao R et al. on a rat whole skin wound model showed that alginate hydrogel-based wound dressings were effective in accelerating the wound healing process. This study demonstrated the safety and reliability of CeO2 NPs (Zhao et al., 2023). However, despite the medical advantages of nanomaterials and the impressive research results, few nanomaterials can be used in clinical applications. Clinical trials related to cerium oxide nanoparticles are still blank. There is also a need to understand the precise evolution and biodistribution (ADME characterization) of NPs in the human body if they are to be used safely and effectively. In this context, the development of reproducible and reliable analytical methods for the dynamic characterization of the evolution of nanomaterials in biological environments is considered to be an important way to perform nanosafety studies. Therefore, for the future development of cerium oxide nanoparticles, in addition to innovations in animal experiments, more breakthroughs in human trials are needed in the future to better demonstrate the wound healing ability of cerium oxide nanoparticles.
7.2 Potential effects of cerium oxide nanoparticle composites
Difficulties arise in the use of single nanoparticles for wound healing, so investigating composite biomaterials for wound healing and addressing the challenges encountered with individual nanomaterials in the healing process could elucidate their unique advantages in promoting wound repair (Veith et al., 2019; Zeng et al., 2022). Efforts have been made to improve the effectiveness of CeO2 NPs at various stages of the wound healing process. Cheng et al. investigated and designed cerium-nitrogen-phosphorus-striped peelable graphene nanocomposites (abbreviated as ACGNCs) to enhance wound healing by promoting the inflammatory and proliferative phases. The ACGNCs exerted the following roles to promote wound healing: (1) in the inflammatory phase, the pH value was still acidic (∼6. 0), ACG NCs received white light irradiation and produced large amounts of ROS to scavenge bacteria due to the effective separation of electron-hole space; (2) as the wound healing process proceeded to the proliferative phase, the pH was naturally elevated at a neutral level, and the folded single-stranded DNA variant of i-motif DNA was transformed into an unfolded form, which facilitated the opening of the pore of the hollow cerium dioxide NPs to release parameters that It can be decomposed into urea with the help of arginase overexpression site in the wound; (3) the isolated cerium dioxide NPs can freely enter into the fibroblasts, thus destroying the intracellular ROS and promoting cell proliferation, and the stealth peptide prevents the graphene from being absorbed by the macrophage, prolongs the retention time of graphene as a scaffold in the wound site, and thus promotes the migration of fibroblasts. Finally, during the remodeling phase, MMP, which is highly expressed in the extracellular matrix, cleaves the GPLGLAG peptide and promotes the internalization of graphene by macrophages through endocytosis, which leads to the biodegradation of ACG nc at the wound site (Cheng et al., 2019). In the study of Ma et al. hollow CeO2 NPs with porous shells and rough surfaces were synthesized and L-arginine was added to them to promote various stages of wound healing. In the hemostatic stage, the modified CeO2 NPs acted as nanobridges within the tissue to achieve rapid hemostasis. In the inflammatory stage, these nanoparticles generate ROS under simulated sunlight irradiation to eliminate bacteria and prevent infection. In the proliferative phase, modified CeO2 NPs can scavenge excess ROS generated at the wound site due to SOD and catalase activities. In addition, the released L-arginine can be converted to nitric oxide in macrophages, thus promoting cell proliferation (Ma et al., 2019).
Secondly, it was also shown that combining CeO2 with polymers such as polycaprolactone (PCL), polyvinyl alcohol and chitosan does not affect the catalytic ability of enzymes. These composites have potential applications in wound healing, as confirmed by intracellular experiments. Based on the enzyme-catalyzing ability of CeO2, dressings with antimicrobial, anti-inflammatory and antioxidant properties have been developed. For example, when tested by Plocon C et al. using human osteoblasts, the composite scaffolds showed very good biocompatibility, with samples consisting of polymers and cerium-doped calcium phosphate responding better (Plocon et al., 2023). Sanmugam A et al. found that the fabricated scaffolds completely facilitated the complete closure of the wounds after 14 days, which suggests that the developed scaffolds have high swelling, good degradability and permeability, which facilitated the absorption of wound exudates, thus consolidating the healing effect (Sanmugam et al., 2024). Kamalipooya S et al. found that the nanocomposite with 0.1% CeO2-CSNPs exhibited high antibacterial performance against S. aureus (<58.59 μg/mL). The results of this research suggest that PCL/CA nanofiber mats functionalized with CeO2-CSNPs have the potential to be highly effective in treating diabetes-related wounds. The use of CeO2 NPs in diabetic wound repair substances has shown promising results (Kamalipooya et al., 2024). The popularity of combining nanoparticles with hydrogels is due to the highwater retention capacity of hydrogels, which provides a favorable microenvironment for cell proliferation, enabling the loading of bioactives and providing a soft texture and excellent wound healing properties. Hydrogels (including chitosan hydrogels, alginate hydrogels (Raja and Fathima, 2018) and silk-based hydrogels (Augustine et al., 2021)) have favorable physical properties and chemical structures. Numerous studies have shown significant progress in the utilization of hydrogels for sutureless wound closure, antimicrobial, hemostasis and angiogenesis. Hydrogels based on natural polymers have great potential for cell proliferation due to the presence of biomolecules and peptides, in addition to their general advantages. ZC-QPP hydrogels provide an avenue for the development of a multifunctional synergistic therapeutic platform that combines enzyme nanomaterials with hydrogels to synergize antimicrobial and antioxidant properties and promote wound healing (Zhang et al., 2023). CeO2 NPs contain Ce3+ ions and produce oxygen vacancies. The Ce3+ ions on the surface are the site of catalytic reactions, while the generated oxygen vacancies contribute to the conversion and migration of active substances in the system. All these factors will be favorable for biosensors (Soni et al., 2018; Domínguez-Aragón et al., 2021). The redox activity of cerium oxide can be used as a sensing platform to generate color in the presence of oxidative enzymes acting on the corresponding substrates to produce H2O2. CeO2 particles can be used both as a high specific surface area support for immobilizing highly loaded enzymes and as a reagent for generating color (Karimi et al., 2016).
In summary, CeO2 NPs, both naked and functionalized, show excellent ability to accelerate acute and chronic wound healing. CeO2 NPs can be used in wound dressings, drug delivery systems and biomedical nanotechnology to promote wound healing. They have antioxidant and antimicrobial properties that help reduce the risk of infection and promote tissue regeneration and repair. In addition, CeO2 NPs can be used as drug carriers to control the release of drugs to promote wound healing. They can also be used to fabricate biosensors to monitor biomarkers and inflammatory responses during wound healing for real-time diagnosis and therapeutic feedback (Sadidi et al., 2020; Xue et al., 2024). In addition to their wide range of applications in wound healing, CeO2 NPs are mainly used in the treatment of skin, cardiac, neurological and ophthalmic tissues. Other soft tissues may also be evaluated in future experimental studies. Thin films, hydrogels and nanofiber scaffolds containing CeO2 NPs have been shown to be highly suitable alternatives with satisfactory results in the repair and regeneration of soft tissue injuries and defects. Mesenchymal stem cell-derived extracellular vesicles (EVs) carried with CeO2 NPs shows promising in the field of regenerative medicine as they have a powerful role in promoting tissue repair and regeneration (Sadidi et al., 2020). However, the fragile lipid membrane limits their function in oxidative stress microenvironments. Cerium nanocerium is an antioxidant nanoenzymes; herein, we reveal that cerium nanocerium-loaded EVs extracted from MSCs promote skin wound healing in aged mice. Gao L et al. further demonstrated that the DG-CeO2 EVsHyp are biocompatible and have antioxidant and pro-angiogenic effects during skin wound healing in both young and aged mice (Gao et al., 2023). Yildizbakan L et al. found that synthetic chitosan-cerium oxide porous scaffolds are an effective solution to complications associated with bone injury by promoting tissue regeneration and reducing the risk of infection. All scaffold variants inhibited the bacterial growth of Staphylococcus aureus and Escherichia coli strains (Yildizbakan et al., 2023).
7.3 Potential of CeO2 NPs for interdisciplinary applications
We are looking forward to the interdisciplinary field of CeO2 NPs, which is widely used as a nanomaterial in wound dressings or other biomedical applications, a novel approach that has revolutionized the therapeutic regimen and management of wound healing. The unrivaled advantages of CeO2 NPs in wound care compared with other materials mainly include (1) high reactivity and large specific surface area with higher catalytic and gas production/loading efficiencies, and (2) control of the conductivity and penetration depth of the nanomaterials by changing the nanomaterials’ size and shape. However, the use of nanomaterials for wound healing is far from commercialization and clinical application. Major obstacles include: (1) nanomaterials have toxic effects, mainly in the form of oxidative stress and inflammation in cells, and in many cases, it is difficult to gather sufficient information about the expected behavior and toxicity of nanosystems in the human body; (2) nanomaterials have a single function in wound healing and prevention of infections, and insufficient ability in hemostasis, keeping wounds moist, isolating wounds, and promoting wound healing; (3) Nanomaterials are mainly injected into wounds in situ, producing liquids that are not only easy to spill out of wounds, but also pose challenges to clinical care.
In order to accelerate the adoption of cerium oxide nanomaterial-based wound care in clinical settings, there is a need to develop more degradable and absorbable green nanomaterials. In addition, there is a need to extend the functionality of nanomaterials by using gauze and hydrogels as carriers. This combination approach not only prevents acute toxicity caused by direct contact between nanomaterials and wounds, but also greatly expands the range of applications of nanomaterials in wound care, such as hemostasis, moisturization, and isolation from the external environment. And researchers have made several efforts to develop smart dressings with real-time monitoring and diagnostic capabilities, including detection and monitoring of wound-related bacteria, pH, temperature, movement, physiological signals, glucose, ROS, and uric acid. An example is the Bacterial Response Therapy Dressing. Early detection of wound infections will provide substantial benefits to physicians and patients by providing effective interventions. pH monitoring therapeutic dressing. pH is an important indicator of wound status as it is closely related to many physiologic processes including bacterial infection, angiogenesis and collagen formation. Temperature monitoring of therapeutic dressings. This is because it affects a range of chemical and enzymatic actions. Movement and physiologic signals monitor the therapeutic dressing. Because frequent movement at the wound site, compression and stretching of the wound can affect the growth of skin and muscle tissue, which can severely impact wound healing.
8 CONCLUSION
This article provides a review of the distinctive chemical structure and physicochemical properties of CeO2 NPs, as well as the recent progress in their application for wound healing. Furthermore, it discusses the growing significance of employing green synthesis methods for CeO2 NPs in wound healing applications. Effective and precise control over the surface chemical structure, particle size, and physicochemical properties of CeO2 NPs is necessary. Moreover, there have been recent advancements in utilizing CeO2 NPs in combination with other substances for wound healing. For example, precise control over the rate of drug release and dosage can lead to targeted therapy and enhanced efficacy. The feasibility and scientific validity of CeO2 NPs in clinical applications are still under investigation. In the future, it is expected that CeO2 will overcome additional challenges and thrive in interdisciplinary nanomedicine, thereby promoting its application in skin wound healing.
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