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Abstract

:

Oxidative stress is characterized by an increase in reactive oxygen species or a decrease in antioxidants in the body. This imbalance leads to detrimental effects, including inflammation and multiple chronic diseases, ranging from impaired wound healing to highly impacting pathologies in the neural and cardiovascular systems, or the bone, amongst others. However, supplying compounds with antioxidant activity is hampered by their low bioavailability. The development of biomaterials with antioxidant capacity is poised to overcome this roadblock. Moreover, in the treatment of chronic inflammation, material-based strategies would allow the controlled and targeted release of antioxidants into the affected tissue. In this review, we revise the main causes and effects of oxidative stress, and survey antioxidant biomaterials used for the treatment of chronic wounds, neurodegenerative diseases, cardiovascular diseases (focusing on cardiac infarction, myocardial ischemia-reperfusion injury and atherosclerosis) and osteoporosis. We anticipate that these developments will lead to the emergence of new technologies for tissue engineering, control of oxidative stress and prevention of diseases associated with oxidative stress.
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1. Introduction


What Is Oxidative Stress?


The importance of oxidative stress and its effect on human health is becoming increasingly evident. An in-depth study of how it is generated, its mechanisms and consequences can be very useful for the treatment of numerous diseases. Progress in this field has led to the development of numerous strategies to tackle it, including the development of antioxidant materials as well as the development of new strategies for the effective delivery of antioxidants. This work aims to comprehensively show these biomaterial-based antioxidant strategies focusing on the treatment of chronic wounds, neurodegenerative, cardiovascular and bone diseases.



In chemistry, a free radical is a chemical species with one or more unpaired electrons. It can react with other molecules by donating its unpaired electron to another molecule or by accepting an electron from another molecule to become more stable. This reaction results in the formation of a new free radical and, thus, in a chain reaction that propagates until quenching [1]. Free radicals are formed physiologically. In the mitochondria, an oxygen molecule can be reduced to water because of the production of adenosine triphosphate (ATP) during the respiration process. The intermediate steps of oxygen reduction involve the formation of various free radicals or reactive oxygen species (ROS): the superoxide anion radical (O2-), hydrogen peroxide (H2O2) and the hydroxyl radical (OH) [2]. The formation of the superoxide anion radical stems from the reduction of oxygen by one electron, hydrogen peroxide by two electrons and the hydroxyl radical by three electrons. Furthermore, molecular oxygen can undergo electronic excitation to form singlet molecular oxygen (1O2). Additionally, various cellular sources contribute to ROS production, arising from different enzymes such as nitric oxide synthase, nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) and xanthine oxidase in mitochondria, as well as from peroxisomal constituents [3]. During protein folding and disulphide bond formation within the endoplasmic reticulum, oxidants are released [1]. Oxygen radicals can occur as alkyl or peroxyl radicals, as they can react with susceptible compounds, including lipids, proteins and/or DNA. Physiologically, the rate of quenching of free radicals is greater than that of the reactions between free radicals and other cellular components, so the basal concentration of free radicals is kept low [4].



ROS have emerged as versatile signalling molecules that orchestrate a wide spectrum of physiological processes. For instance, they play a crucial role in activating hypoxia-inducible factors (HIFs) [5], which, in turn, induce the expression of erythropoietin (EPO) to boost red blood cell production, vascular endothelial growth factor (VEGF) to stimulate angiogenesis and glycolytic enzymes to maintain ATP levels under hypoxic conditions [6]. On the other side, increased ROS in the body can induce autophagy through a variety of signalling pathways [7,8]. At low levels, increased ROS also activates the immune response [9,10]. The importance of ROS in the immune response is demonstrated by the fact that individuals with an inherited deficiency in some of the enzymes that produce physiological ROS develop chronic granulomatous disease (CGD) and are unable to defend themselves against common infections [11].



The body has antioxidant mechanisms to quench excessive ROS production [12]. Antioxidants can be classified into endogenous and exogenous ones. Endogenous antioxidants are generated by the body itself. They can be enzymatic, such as superoxide dismutase (SOD), catalase, glutathione peroxidase and glutathione reductase, or non-enzymatic, such as some metabolites (including lipoid acid, glutathione, L-arginine, melatonin and bilirubin) [13]. Exogenous antioxidants are supplied externally through food and drink intake, as these nutrients cannot be produced by the body and must be incorporated through the diet. They include molecules such as vitamins E and C, carotenoids, trace metals (selenium, zinc and manganese), flavonoids, omega 3 and 6 fatty acids, etc. [14]. The sources and generation of ROS and antioxidants are summarized and illustrated in Figure 1.



Oxidative stress, first proposed in 1990 by Sohal and Allen [15], is defined as a disturbance in the balance between oxidant production and antioxidant activity [16]. This imbalance can arise either from excessive ROS generation or from a decline in the scavenging capacity or availability of antioxidants. The accumulation of ROS due to this imbalance leads to oxidative damage, affecting essential cellular macromolecules such as DNA, proteins and lipids. Over time, this damage can contribute to the development of chronic inflammation [17]. Inflammation has long been recognized as a primary driver of ROS overproduction, a physiological response triggered by detrimental stimuli and conditions such as infection or tissue injury. This response is aimed at neutralization of the damaging agent and homeostatic restoration of the tissues involved. Due to the complexity of the inflammatory response, it requires careful regulation to initiate, maintain, aggravate or modulate the inflammatory response. A restrained inflammatory response is generally considered beneficial but can be destructive when dysregulated and chronic. Chronic inflammation has been implicated in the pathogenesis of several diseases, including cancer, cardiovascular diseases and osteoarthritis, among others [18,19]. When the body is stimulated by exogenous and proinflammatory factors such as the exposure to excessive sunlight, pathogens or chemicals, ROS generated within the body can surpass the antioxidant defence capacity of cells, leading to a disruption in redox homeostasis [7,20].





2. Detrimental Effects of ROS


Oxidative stress has been demonstrated to play a key role in the pathobiology of multiple organs, including the lungs, brain, skin, joints, bones, kidneys, eyes, heart and blood vessels. Increased ROS is also related to multiorgan diseases such as cancer, aging, diabetes, inflammation and infections [18]. These diseases align with the consequences of elevated ROS levels within cells. As previously mentioned, ROS can inflict detrimental effects, including DNA or RNA damage [21], membrane lipid and phospholipid peroxidation, and protein oxidation [22]. This damage is often irreversible and prevents cells from performing their physiological functions.



Amongst nucleic acids, mitochondrial DNA is often more susceptible to oxidative damage caused by ROS generated by the respiratory chain, largely owing to its proximity [21]. Mitochondrial DNA mutations have been linked to various disorders, particularly neurodegenerative diseases [23]. Nuclear DNA and RNA can also be targeted by ROS. The primary mechanism of ROS-induced DNA damage involves the reaction between the hydroxyl radical and the double bonds of DNA’s nitrogenous bases, resulting in hydroxylated adduct formation. The most studied bioproduct of this reaction is 8-oxoguanine or 8-hydroxyguanine from guanine [24]. The hydroxyl adducts generated by hydroxyl radical attack can themselves react further with DNA, initiating a cascade of oxidative damage and leading to the formation of additional ROS. The hydroxyl radical, in addition to reacting with the nitrogenous bases, can also react with sugar by subtracting oxygen from the 2′-deoxyribose residues causing strand breaks (Figure 2a) [25]. These types of alterations have been linked to some diseases such as cancer [26]. Furthermore, with these types of modifications, ROS can also attack nucleosomes leading to DNA unpacking and fragmentation. These genetic and epigenetic alterations can result in the deregulation of oncogenes and tumour suppressor genes [27,28].



The unsaturated fatty acids in cell membranes can be oxidized by ROS, resulting in the formation of lipid peroxides. Elevated levels of lipid peroxides are linked to atherosclerosis, heart failure, Alzheimer’s disease, rheumatoid arthritis, cancer and various immunological disorders [29]. Free radicals that come into contact with lipids initiate oxidation of the lipid chains, resulting in the formation of hydroperoxidized lipids and alkyl radicals. In the context of cell membranes, this effect is particularly significant due to the substantial presence of lipids. The alkyl radicals formed during the process are extremely reactive and can react with other polyunsaturated fatty acids, causing the chain reaction to continue until two free radicals react with each other. The structure and physical properties of the membrane are altered by these chemical changes, affecting its integrity, fluidity and, in turn, function (Figure 2b) [30].



Proteins are also affected by oxidative stress. Both non-enzymatic and enzymatic proteins are indispensable for the structural integrity and functional processes of the body. ROS can lead to dysregulation of enzyme catalytic activity and metabolic pathways. Proteins are made up of amino acids, which can be oxidized by ROS. The peptide bond that joins amino acids can be affected by ROS, resulting in its cleavage. Finally, oxidative stress can also cause protein aggregation (Figure 2c). Depending on the affected tissue, these effects have been linked to neurodegenerative diseases, rheumatoid arthritis and other diseases [31].



Dietary supplementation of antioxidants has been attempted to reduce the effects of inflammation and reduce oxidative stress, but their low bioavailability and stability are major drawbacks. Indeed, in the same way as ROS, antioxidants are highly reactive, making storage difficult due to their rapid oxidation. Similarly, their reactivity, even after in vivo administration, can lead to low bioavailability [32]. To improve the bioavailability of potential antioxidant compounds, materials and biomaterials have been devised, particularly in the domain of tissue engineering, to facilitate sustained and prolonged exposure of antioxidant compounds.




3. Oxidative Stress and Tissue Engineering


Tissue engineering (TE) aims at reproducing as accurately as possible the properties and functionality of the concerned tissue. For this, TE relies on the interdisciplinary blending of material science, biomedicine and engineering disciplines, amongst others. Its applications not only include regenerative medicine, but also disease modelling, drug testing and personalized medicine amongst others [33,34,35]. However, to reproduce the natural composition of a tissue, it is crucial to duplicate not only the cellular components but also the extracellular matrix, encompassing their spatial arrangement within the 3D environment.



Various materials have been utilized to mimic the extracellular matrix (ECM) of tissues. One of the most significant categorizations is based on the physical consistency of the employed material. This distinction delineates hydrogels, polymeric scaffolds and composite systems. Hydrogels are commonly highly hydrophilic, three-dimensional networks capable of absorbing substantial quantities of water or biological fluids. They are arguably the most extensively investigated material. Among them, natural polymers like collagen and gelatine (denatured/digested collagen) have been extensively used to produce diverse semi-synthetic materials [36], such as gelatine methacryloyl (GelMA) [37]. Other materials have been used to form hydrogels, from chitosan or hyaluronic acid to alginate and beyond. Of the many natural hydrogels, decellularized extracellular matrix (dECM) has been a subject of considerable interest since the groundbreaking discovery of the process, particularly in the context of tissue engineering [38,39]. In theory, dECM preserves the entire biochemical makeup of the ECM of origin, establishing a more intricate and biomimetic environment. Synthetic hydrogels, such as polyethylene glycol (PEG), polyglycolic acid (PGA) and polylactic-glycolic acid (PLGA), have also been extensively investigated, but they often raise concerns regarding biocompatibility or cellular adhesion [40]. Polymeric scaffold structures are being increasingly used in recent years, as they can supply a different range of characteristics to those of hydrogels, namely control over spatial composition and microstructure, and also excellent mechanical properties, which can be custom-tailored according to a specific tissue. In addition, implementation of fabrication technologies such as additive manufacturing, can result in scaffolds with highly controlled structures (reviewed in [41]). Polymers that can be processed into fibres can also be classified according to their origin. Examples of natural polymers are collagen, keratin, elastin, silk, chitosan, cellulose and hyaluronic acid. Among the synthetic polymers, the most commonly used are poly-ε-caprolactone (PCL) [42,43], poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly-(glycerol-sebacate) (PGS) [44] and poly(glycolic acid) (PGA) [45]. Finally, composites generated using hydrogels and polymeric scaffolds can provide the best of both worlds. For example, one of the general drawbacks of hydrogels is their low mechanical properties. However, polymeric scaffolds display wide fabrication plasticity, as they can be processed by several methods, with the same material having different properties and possibilities depending on the fabrication technology used [46]. Blending of these components can deliver composite systems that feature different micro- and macro-mechanical properties. Currently, the most employed manufacturing modalities are mould-casting, 3D build and seed technologies, and bioprinting, but there are others such as cryogelation, gas foaming, thermally induced phase separation, solution electrospinning and textile-based fabrication (reviewed in [41]).



However, TE is not only about replacing damaged tissue, but also about using engineering knowledge to repair it. This is why biomaterials with therapeutic effects are being developed. In this way, TE becomes not only a replacement option but also a curative one. This strategy is particularly interesting when the aim of the therapy is a controlled release of the drug or when an in situ release of the drug is necessary to avoid its possible adverse effects on other organs, or to improve its bioavailability. In the case of oxidative stress, it is a very interesting avenue, since one of the main disadvantages of treatment with antioxidants is their low bioavailability. In addition, when dealing with chronic inflammation, materials-based strategies would permit the controlled release of antioxidants in the tissue. It can also be beneficial for cell repopulation and tissue regeneration after transplantation [47], as the injured site is often accompanied by oxidative stress and inflammation that was already present. It is a general issue that during cell culture ROS are generated, and they trigger oxidative stress that is detrimental to cells in a biomaterial scaffold and for its prospective transplantation. In addition, potential injury during the procedure can alter the physiological oxygen levels of the tissue. Taken together, these conditions may increase inflammation and decrease the chances for a successful TE approach [48]. Therefore, ROS-scavenging materials can be of great use in this area.



In addition to the biomaterials mentioned above (hydrogels, polymeric scaffolds and composites), traditional “hard and stiff” biomaterials, and materials in the form of nanoparticles (NPs) have also been developed. Traditional materials such as titanium alloys and bioceramics have been modified with anti-inflammatory coatings to add a therapeutical advantage [49]. In the case of NPs, their versatility lies in their ability to accommodate functionality, allowing molecules to be encapsulated within or coupled to their surfaces. NPs loaded with antioxidants have been extensively investigated for the mitigation of oxidative stress. The diverse types of NPs can be classified based on the employed material, encompassing carbon-based, lipid-based, inorganic and polymeric NPs [50]. All these biomaterials employed in TE are summarized in Figure 3.



Amid all the pathologic conditions that can be the target of TE strategies with antioxidant materials, wound healing disorders, neurodegenerative, cardiovascular and bone diseases are of special interest due to their high impact. In the following sections, we revise published research on applying TE strategies with antioxidant materials in these diseases.




4. Biomaterials Employed for Oxidative Stress Diseases


4.1. Wound Healing


A wound is a breach or disruption in the skin’s integrity arising from physical or thermal injury. Depending on the area of skin affected, there may be a series of alterations in the organism such as blood loss, dehydration, difficulty in maintaining body temperature or infections [51]. The wound healing process encompasses an intricate sequence of biological events aimed at reconstituting the skin barrier function. Four distinct stages characterize the normal wound healing process [52]: homeostasis, inflammation, proliferation and remodelling. The homeostasis stage, initiated immediately post-injury, entails the accumulation of a fibrin-rich fluid that promotes clotting and wound stabilization. Then, the inflammatory stage ensues, characterized by the influx of inflammatory cells, including leukocytes, monocytes and macrophages, which orchestrate the removal of cellular debris, stimulating cell migration, angiogenesis and tissue remodelling. Afterwards, the proliferation stage commences, featuring the vigorous regrowth of epithelial cells and fibroblasts, effectively reconstructing the damaged tissue. Ultimately, the remodelling stage commences, culminating in the formation of stable scar tissue, comprising connective tissue and a newly established epithelium [53]. However, disruption of these factors and stages can lead to chronic wound healing.



Extensive research has demonstrated that moderate levels of ROS facilitate healthy wound healing by stimulating cell migration and angiogenesis, whereas excessive ROS can contribute to chronic wounds [53,54,55]. In chronic wounds, a persistent inflammatory response triggers a substantial buildup of ROS, surpassing the body’s natural antioxidant defences, hindering cell migration and proliferation, effectively blocking the transition from the inflammatory stage to the proliferative phase and subsequent tissue remodelling [56]. Furthermore, ROS and pro-inflammatory cytokines can stimulate the excessive production of serine proteases and matrix metalloproteinases, leading to the degradation of the ECM, which in turn exacerbates infection and hinders tissue repair and wound healing [57]. This vicious cycle of prolonged inflammation perpetuates chronic wound healing, characterized by the absence of healing after six weeks [58]. Research has found that antioxidants can promote wound healing, particularly in the case of chronic wounds. Hence, the addition of an antioxidant component to the engineered tissue appears to be one of the most promising current therapies [59].



Antioxidant materials for the treatment of chronic wounds are summarized in Table 1 and some of them are visualized in Figure 4. Hydrogels are a widely used type of material for the treatment of chronic wounds as they are air-permeable and have the ability to absorb wound exudate. Being aqueous, they also retain humidity, allowing bioactive agents to be loaded. In addition, they can reduce the surface temperature of the wound, which can help to alleviate the patient’s pain [60]. Hydrogels loading antioxidant molecules or particles are being assayed for the treatment of chronic wounds. Recent research suggests that superoxide dismutase (SOD)-loaded hydrogels exhibit efficacy in mitigating ROS generation and oxidative stress associated with chronic wounds. Zhang et al. have developed hydrogels composed of varying proportions of chitosan, heparin and poly(γ-glutamic acid). Their findings demonstrate that this formulation can expedite wound healing in diabetic rats by accelerating re-epithelialization and collagen deposition [61]. Dong et al. have developed an injectable and thermo-sensible hydrogel-poly(N-isopropyl-acrylamide)/poly(γ-glutamic acid) loaded with SOD that could eliminate the superoxide anion. Its use in a diabetic rat model revealed good biocompatibility in vitro and demonstrated a superior wound closure rate compared to control groups [62]. Prussian Blue nanoenzyme is known to possess SOD-, catalase- and peroxidase-mimicking activities through various redox pathways [63]. Sahu et al. have used Prussian Blue NPs and demonstrate its strong superoxide scavenging activity and hydrogen peroxide degradation capacity in addition to deposition, maturation and arrangement of collagen fibres in a cutaneous wound model in mice [64]. Other hydrogels loading antioxidant NPs have also been developed, such as the one published by Chen et al. They formulated a sprayable hydrogel based on methacryloyl gelatine (GelMA), a photopolymerizable gelatine derivative, with dopamine motifs for wound dressing loaded with cerium oxide NPs (CeONPs) and the antimicrobial peptide (AMP) HHC-36 8 (KRWWKWWRR), a cationic peptide with broad spectrum antibacterial effect, seeking combined ROS-scavenging and antibacterial properties. When administered to rats, these novel hydrogels exhibited effective skin restoration at the treatment site even in the presence of severe infection and inflammation [65]. CeONPs have also been used combined with microRNA-146, as it is getting dysregulated in diabetic wounds, loaded into a zwitterionic cryogel (gels formed below freezing temperatures). The hydrogel was composed of [2-(methacryloloxy)ethyl]dimethyl-(3-sulphopropyl) ammonium hydroxide (SBMA) and 3-[[2-(methacryloyloxy)ethyl] dimethylammonio] propionate (CBMA) and crosslinked with 2-hydroxyethyl methacrylate (HEMA) which led to the development of a multifunctional system that can be applied topically and injected, and heals itself, ensuring controlled and prolonged release of therapeutic molecules. The hydrogel was tested in mice and demonstrated that it could accelerate diabetic wound healing [66]. Silver NPs have been encapsulated in hydrogels. Silver is known to possess antibacterial properties and its anti-inflammatory properties have been demonstrated as it enhances apoptosis in inflammatory cells while decreasing pro-inflammatory interleukin levels [67]. Masood et al. have developed a silver NP impregnated chitosan–polyethylene glycol (PEG) hydrogel which showed enhanced antioxidant activity and wound healing capacity in diabetic rabbits [68]. Chitosan has also been reported to display antioxidant properties [69]. Nanochitosan NPs produced by gamma irradiation have been encapsulated in a bacterial cellulose polymer matrix, showing antioxidant and antimicrobial activity in vitro [70]. Polyphenols have also been employed to enhance the antioxidant properties of biomaterials. Eugenol, a natural polyphenol, and an allylbenzene derivative present in nutmeg and cinnamon, has been incorporated into chitosan, demonstrating that eugenol phenolic groups improved antioxidant activity in comparison with chitosan alone [71]. Zhao et al. have functionalized quaternized chitosan-g-polyaniline and benzaldehyde functional groups with poly(ethylene glycol)-co-poly(glycerol sebacate). This material showed good self-healing capacity, electro-activity, free radical scavenging capacity and biocompatibility, and, when employed in a full-thickness skin defect mouse model in vivo, it showed blood clotting capacity. This resulted in a significantly enhanced wound healing process in comparison with controls [72]. Other multifunctional polysaccharide hydrogels have exhibited promising outcomes for wound management and pain mitigation when incorporated with antioxidant compounds, such as carboxybetaine dextran and sulphobetaine dextran hydrogels. These hydrogels have undergone in vivo testing in a mouse full-thickness wound model, demonstrating self-healing and antifouling properties, remarkable antioxidative activity, and enhanced resistance to bacterial adhesion [73]. To maximize the sequestration of ROS, a nanocomposite hydrogel was constructed from alginate and positively charged Eudragit nanoparticles encapsulating edaravone, an FDA-approved drug for the treatment of acute cerebral infarction due to its hydroxyl radical scavenging ability. This hydrogel was shown to promote wound healing with dosage-responsive effect and to be an efficient free radical scavenger in a skin-wounded mouse [74]. Zhao et al. have generated a ROS scavenging hydrogel by using polyvinyl alcohol crosslinked by N1 -(4-boronobenzyl)-N3 -(4-boronophenyl)-N1, N1, N3, N3-tetramethylpropane-1, 3-diaminium (a ROS responsive linker) and was incorporated with mupirocin, a broad-spectrum antibiotic, and GM-CSF, a pleiotropic cytokine that facilitates tissue regeneration. The hydrogel could release therapeutics to accelerate wound closure and eliminate bacterial infections in response to endogenous ROS in the wound microenvironment [75]. The combination of different anti-inflammatory compounds such as melanin and berberine was used to form hydrogels with silk fibroin by Maity et al. The hydrogel functioned as a scaffold for tissue re-epithelialization and enhanced wound repair in a diabetic rat model [76].



Research in the field has not been limited to hydrogels but also encompasses liposomal particles and other types of scaffolds. For example, lecithin nano-liposol particles have been developed as a novel carrier of the carotenoid astaxanthin, a strong antioxidant, using a simple emulsion evaporation method. The improved aqueous solubility of the carotenoids led to enhanced stability and efficacy, resulting in superior ROS scavenging and antioxidant capacity in vitro [77]. Fibrous scaffolds can improve the bioavailability of some antioxidant molecules. Porous poly(L-lactic acid) (PLA) electrospun fibrous scaffolds have been employed with embedded asiatic acid (2α,23-Dihydroxyursolic acid) as this molecule has demonstrated a significant antioxidant and anti-inflammatory efficiency in a diabetic mouse model [78]. Results showed that asiatic acid can be continuously released and, by alleviating the high oxidative stress, inflammation and infection present in the wound microenvironment, the hydrogel accelerated re-epithelialization and facilitated angiogenesis and ECM formation [79]. Epigallocatechin-3-O-gallate (EGCG) has a significantly strong antioxidant activity [80] and Li et al. have overcome the challenge of low EGCG availability in vivo by developing a cost-effective and straightforward wound dressing comprising poly(L-lactic-co-caprolactone) (PLCL)/gelatine/EGCG/core-shell nanofibrous membrane (PGEC) with sustained drug release capability through coaxial electrospinning technology. It promoted wound healing, cellular differentiation and tissue organization in a rat liver trauma model [81].



All in all, many different biomaterial formulations with antioxidant functions have emerged that have been shown to accelerate wound healing. This novel strategy is especially promising in the treatment of chronic wounds, which often lack optimal therapeutic options. These materials are expected to be of great importance for human health. As we have seen, in addition to having antioxidant properties, it is also essential for materials to have potential antimicrobial capacity. Infection leads to increased inflammation and thus oxidative stress, making healing even more difficult. On the other hand, it is also one of its main complications as it can lead to systemic infection. This is why biomaterials with both characteristics can be considered more therapeutically relevant and we expect it to lead to translation to the bedside. Hydrogels are the most developed type of biomaterial, due to their very nature, which includes added capacities that are especially beneficial for the treatment of chronic wounds, such as their capability to effectively absorb exudate, sustain a moist wound environment and provide cooling effects to the wound surface, thereby alleviating the patient’s discomfort.
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Figure 4. Salient biomaterials currently used for the treatment of chronic wounds. (A) Synthesis process of the biomaterials. (i) Preparation of CS/Hep/γ-PGA composite hydrogels [61]. (ii) Synthesis reaction for the preparation of CeON-loaded GelMA-DOPA hydrogel [65]. (iii) Development of astaxanthin-loaded lecithin nano-liposol (ASTA@Lec NS) [77]. (iv) Preparation of electrospun PLCL/gelatine nanofibre membranes (NM) (PG, PGEB and PGEC) [81]. (B) Biomaterials images. (i) SEM images of CS/Hep/γ-PGA hydrogels with different ratios of synthesis: A: 10/1/9, B: 10/3/7 and C: 10/5/5 (from left to right) (scale bar: 1 mm) [61]. (ii) SEM observation of CeONs (left (i)) and CeON-loaded GelMA-DOPA hydrogel (middle (ii) and right (iii)) [65]. (iii) Transmission electron microscopy (TEM) image of ASTA@Lec NS (scale bar: 200 nm) [77]. (iv) SEM image of the different nanofibre membranes synthesized (scale bar: 8 μm) [81]. (C) Wound healing results of the biomaterials. (i) Zhang L. et al. showed that the wounds treated by SOD-CS/Hep/γ-PGA-H (middle) showed a better closure ratio of 92.0% ± 3.7% versus those of the control group (top) (85.4% ± 2.4%) and the same hydrogel without SOD (bottom) (89.8% ± 2.8%) at days 7, 14 and 21 (left to right). The graph shows the wound closure rate (n = 3). * p < 0.05; ** p < 0.01 [61]. (ii) Cheng H et al. determined the healing speeds of the skin defects treated with different GelMA-DOPA-based hydrogels. It was found that GelMA-DOPA-AMP-CeONs facilitated the most rapid healing in the defect areas, followed by the GelMA-DOPA-AMP and GelMA-DOPA-CeONs groups. The left graph shows a decreased in vivo ROS detection of the wound covered with GelMA-DOPA-based hydrogels at day 2 than controls. The right graph demonstrated the antimicrobial effect of the synthesized hydrogel. * p < 0.05 [65]. (iii) Oh H et al. showed that the scratch distance of the ASTA@Lec NS-treated cells decreased from 324 ± 6 μm to 227 ± 19 μm after 24 h of treatment; however, scratch distance of the control group and the group without ASTA exhibited almost no change from that of the initial distance. *** p < 0.001 [77]. (iv) Li A et al. demonstrated that the highest wound closure rate was observed in the group treated with PGEC (98%), whereas the gauze treated group showed the least wound closure rate. * p < 0.05 [81]. All images reproduced with permission. Images (A(i),B(i),C(i)) [61] 2012, Elsevier. Images (A(ii),B(ii),C(ii)) [65] 2021, Elsevier. Images (A(iii),B(iii),C(iii)) [77] 2020, Oh H et al. Images (A(iv),B(iv),C(iv)) [81] 2022, Elsevier. 
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Table 1. Antioxidant materials employed for wound healing diseases.
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Category

	
Material

	
Load

	
Model

	
Properties

	
Ref.






	
Hydrogels

	
Chitosan, heparin and poly(γ-glutamic acid)

	
SOD

	
Diabetic rat model

	
Accelerating re-epithelialization and collagen deposition

	
[61]




	
Poly(N-isopropyl-acrylamide)/poly(γ-glutamic acid)

	
SOD

	
Diabetic rat model

	
Antioxidant activity and high wound closure rate

	
[62]




	
GelMA with dopamine motifs

	
Cerium oxide NPs and AMP

	
Rats

	
(ROS) scavenging and antibacterial properties

	
[65]




	
SBMA, CBMA and HEMA

	
Cerium oxide and microRNA-146

	
Mice

	
Accelerating wound healing

	
[66]




	
Chitosan-PEG

	
Silver NPs

	
Diabetic rabbits

	
Antioxidant and antibacterial activity

	
[67]




	
Chitosan

	
Eugenol

	
-

	
Antioxidant activity

	
[71]




	
Chitosan-g-polyaniline and benzaldehyde

	
PEG-co-poly(glycerol sebacate)

	
Mice

	
Good self-healing, electro-activity and free radical scavenging capacity

	
[72]




	
Carboxybetaine dextran and sulphobetaine dextran

	
-

	
Mice

	
Self-healing, antioxidative and antifouling properties

	
[73]




	
Alginate

	
Edudragit NPs and Edavarone

	
Mice

	
Wound healing promoting and efficient free radical scavenging

	
[74]




	
Polyvinyl alcohol

	
Mupirocin and GM-CSF

	
Diabetic mice

	
Antibacterial activity and wound closure promoting

	
[75]




	
Silk fibroin

	
Melanin and berberine

	
Diabetic rat

	
Re-epithelialization and wound repair promoting

	
[76]




	
Inorganic NPs

	
Prussian Blue NPs

	
-

	
Mice

	
Antioxidant and collagen deposition

	
[64]




	
Liposomal particles

	
Lecithin nano-liposol

	
astaxanthin

	
NIH/3T3 cells

	
ROS scavenging and antioxidant capacity

	
[77]




	
Polymeric matrix

	
Cellulose

	
Nanochitosan dust

	
Human gingival cells

	
Antioxidant and antimicrobial activity

	
[70]




	
PLA

	
Asiatic acid

	
Diabetic mouse model

	
Accelerating re-epithelization, angiogenesis and ECM formation

	
[79]




	
Poly(L-Lactic-co-caprolactone) (PLCL)

	
EGCG

	
Rat liver trauma model

	
Promoting wound healing and tissue organization

	
[81]










4.2. Neurodegenerative Diseases


Neurological disorders are defined as pathologies affecting the brain, as well as the nerves and spinal cord. Within them, there is a large group of degenerative diseases in which there is a gradual decline in neuronal function and a common symptomatology, characterized by memory and movement disorders, and progressive dementia. Alzheimer’s disease (AD) and Parkinson’s disease (PD) stand out due to their high incidence, their severity, and the corresponding social and economic burden [82]. AD, the leading cause of age-related dementia, is characterized by the extracellular accumulation of proteins forming extracellular amyloid-β plaques and intracellular tau tangles [83]. PD is a progressive neurodegenerative disorder characterized by the gradual degeneration of specific dopaminergic neurons in the substantia nigra pars compacta, resulting in reduced dopaminergic levels within the nigrostriatal dopaminergic pathway [84]. Abnormal alterations in the structural arrangement of specific proteins can trigger their aggregation and subsequent accumulation within nerve cells, leading to neuronal cell death. A prominent neuronal protein that undergoes this pathological process is α-synuclein (α-syn), whose aggregation forms Lewy body filaments, known to impair neuronal function [85].



Several neurodegenerative diseases exhibit common features of abnormal ROS signalling: DNA damage, lipid peroxidation and protein aggregation, as well as mitochondrial dysfunction [86,87]. In addition, these abnormalities have been shown to activate microglia and astrocytes, thereby triggering a pro-inflammatory response and increased ROS generation [88]. Thus, a reciprocal action occurs, as accumulated ROS can also lead to chronic neuroinflammation. On the other hand, oxidative stress and neuroinflammation lead to alterations in synaptic plasticity and cognitive deficits [89]. The use of antioxidant therapy employing scavengers that can restore redox balance in the brain may offer both prophylactic and therapeutic potential, particularly if initiated at early stages of disease progression [90,91]. An important question is whether antioxidant treatment can interfere with physiological cellular functions and whether it is possible to achieve physiological ROS values without lowering them below this threshold.



One of the most important challenges of therapy in the central nervous system is overcoming the difficulty of entry of materials and drugs into the brain due to the blood–brain barrier (BBB) and the blood–cerebrospinal fluid barrier. The use of tissue engineering strategies is therefore critical, as the use of biomaterials that can cross the BBB will allow more efficient therapy to combat ROS in the brain. The use of nanoparticles (NPs), due to their small size and ability to cross the BBB, has been a main avenue of research for this type of disease; most of them are inorganic NPs, carbon NPs, lipid NPs and polymeric NPs (summarized in Table 2 and some of them are shown in Figure 5).



Inorganic NPs such as CeONPs have been widely explored in neurological diseases. Multiple in vitro studies have demonstrated exceptional promise as antioxidant therapy, suggesting that CeONPs could serve as therapeutic agents to reduce protein aggregation and alleviate the onset of neurodegenerative disorders [92]. Zand et al. performed some in vitro studies that demonstrate that CeONPs reduce the formation of amyloid species and β-sheet structures of α-syn molecules [93]. Siposova et al. studied the bioactivity and anti-amyloid aggregation activity in vitro of CeONPs, using Western blot, fluorescence assays and flow cytometry, showing great benefits in amyloid-related diseases and oxidative stress [94]. It has also been reported that CeONPs exhibit robust anti-ROS activity and, furthermore, have also demonstrated beneficial effects on both neuronal cell differentiation and dopamine production, as demonstrated in studies involving PC12 neuronal cells induced to exhibit a PD-like phenotype [95]. Ceria/Polyoxometalate hybrid NPs (CeONP@POMs) were employed by Guan et al. and their results showed that CeONP@POMs exhibit the ability to promote PC12 cell proliferation, demonstrate efficient BBB penetration and effectively suppress Aβ-induced microglial cell activation, as evidenced by immunofluorescence and flow cytometry analyses [96]. Other metals have also been employed to form antioxidant NPs. Iron oxide NPs (IONPs) are shown to ameliorate neurodegeneration in a Drosophila Alzheimer’s disease model, where IONPs can mimic catalase and can decompose ROS [97]. Yttrium oxide NPs have been employed in vitro with PC12 cells and it was demonstrated that these NPs protect the cells against oxidative stress and apoptosis [98]. The combination of Yttrium NPs and CeONPs was administered intraperitoneally in Wistar rats, showing an improved management of ROS, mediated through the programmed cell death pathway [99]. Manganese dioxide (MnO2) nanospheres loaded with fingolimod (an immunomodulating drug) can consume excess H2O2 and reduce oxidative stress. This reverses microglia from a pro-inflammatory state, by enhancing the survival of damaged neurons in some studies in vitro and in vivo with mice [100].



Carbon nanomaterials have also been employed as antioxidant therapy in neurodegenerative diseases. Rodriguez-Losada et al. have demonstrated in in vitro studies with a mouse-substantia-nigra-derived dopaminergic cell line (SN4741) that partially reduced graphene oxide (PRGO) films prevent dopaminergic neuron loss and α-syn depletion in a molecular environment rendered oxidatively stressed to mimic PD [101]. The protective efficacy of hydrophilic carbon clusters conjugated to poly(ethylene glycol) (PEG-HCCs) was investigated, revealing their ability to shield b.End3 brain endothelial cells and E17 primary cortical neuron cultures from hydrogen-peroxide-induced toxicity [102].



NPs containing antioxidant molecules are also being developed for neurodegenerative applications. Curcumin, resveratrol and epigallocatechin-3-gallate (EGCG) are the most employed. Curcumin (Cur), a yellow pigment derived from the rhizome of Curcuma longa, is a prominent constituent of turmeric, a spice widely employed as a colouring agent in food and traditional medical preparations. The beneficial effects of curcumin are based on its strong antioxidant and anti-inflammatory properties [103], but its lipophilic nature and poor bioavailability limit its therapeutic potential. Fan et al. developed a novel brain-targeted NP, poly(lactide-co-glycolide)-block-poly(ethylene glycol) (PLGA-PEG) conjugated with B6 peptide, and loaded it with Cur (PLGA-PEG-B6/Cur). These NPs were administered into HT22 cells and APP/PS1 Al transgenic mice. Their findings demonstrated that PLGA-PEG-B6/Cur effectively improved the spatial learning and memory capability of APP/PS1 mice, along with reducing hippocampal β-amyloid formation and deposit, and tau hyperphosphorylation [104]. Tiwari et al. reported that curcumin-encapsulated poly-lactide-co-glycolic acid (PLGA) NPs (Cur-PLGA-NPs) exhibit a robust capacity to promote neural stem cell (NSC) proliferation and neuronal differentiation in vitro, and in the hippocampus and subventricular zone of adult rats [105]. PLGA NPs loaded with curcumin have been developed by several research groups [106,107,108,109]. Solid lipid Cur NPs (SLCPs) have been demonstrated to enhance the solubility and bioavailability of curcumin. Additionally, studies have indicated that the use of SLCPs produces more potent anti-amyloid, anti-inflammatory and neuroprotective effects than Cur alone [110]. Campisi et al. showed that the encapsulation of curcumin in SLCPs represents an innovative approach for the treatment of AD, as the systemic administration of SLCPs facilitates the modulation of tissue transglutaminase (TG2) isoforms, which play a role in either activating apoptotic pathways or promoting cellular repair in the brains of TgCRND8 mice, an experimental model of AD [111]. NPs combined with metals as iron or gold NPs have also been used for encapsulating curcumin [112,113].



Resveratrol (Res) is a polyphenol naturally occurring in red grapes, peanuts and numerous plant species. It exhibits antioxidant properties, modulates neuroinflammation and promotes adaptive immunity in AD [114]. Res-selenium-peptide NPs act by decreasing Aβ-induced ROS and by enhancing the activity of antioxidant enzymes in PC12 cells [115], as well as downregulating STAT3 expression and interleukin-1β levels, therefore alleviating neuroinflammation in vivo in a rat model of AD [116]. Solid lipid NPs have also been used to load Res. Loureiro et al. functionalized the Res-NPs with the anti-transferrin receptor monoclonal antibody (OX26 mAb) to attain effective brain targeting. Experiments conducted on human brain-like endothelial cells demonstrated highly efficient cellular uptake of OX26-SLNPs and their capacity to effectively inhibit protein aggregation [117]. Other lipid NPs, resveratrol-loaded vitamin E nanoemulsions, have been synthesized for the brain treatment of PD by reducing oxidative stress, achieving higher levels of GSH and SOD in vitro [118].



Epigallocatechin-3-gallate (EGCG) is another polyphenol, the most abundant catechin in tea. Cano et al. incorporated EGCG into PEGylated PLGA NPs with ascorbic acid; they showed that the treatment in mice mitigated neuroinflammation and prevented neuronal loss [119]. Nanolipidic particles containing EGCG significantly enhanced the oral bioavailability of EGCG by over two-fold compared to free EGCG in rats [120]. Other antioxidant molecules, such as quercetin, ferulic acid, ginsenosides, berberine and coenzyme Q10, have also been encapsulated into NPs to increase their bioavailability for the treatment of neurodegenerative diseases [121,122,123,124,125].



The materials described here are shown to be an effective treatment for neurodegenerative diseases by counteracting excessive ROS generation and mostly preventing the aberrant protein aggregation that occurs in the case of AD and PD. The main limitation of biomaterials in the treatment of neuronal diseases is their delivery, so it is essential that they can cross the blood–brain barrier and the blood–cerebrospinal fluid barrier; although some are described as being able to do so, most of them have only been tested in vitro. The size required for a biomaterial to cross the BBB must be less than 200 nm, which makes NPs the best candidates. In addition, their behaviour at the systemic level and their circulation time before being eliminated by the liver or spleen should be studied. On the other hand, more studies would be needed to study their possible long-term neurotoxicity, which also makes clinical trials limited.
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Figure 5. Some biomaterials currently used for the treatment of neurodegenerative diseases. (A) Synthesis process of the biomaterials. (i) Scheme of the preparation process of Ma@(MnO2+FTY) nanoparticles [100]. (ii) Synthesis of PLGA-PEG-B6 nanoparticles [104]. (iii) Formation of PLGA nanospheres with Cur-loaded selenium NPs [106]. (iv) Resveratrol provided from grape skin and grape seed extracts was employed by Loureiro JA et al. to synthesized solid lipid nanoparticles (SLNs) [117]. (B) Biomaterials images. (i) Representative TEM images of the honeycomb MnO2 nanospheres (scale bar: 50 nm) (left) and of Ma@(MnO2+FTY) nanospheres (scale bar: 50 nm) (right) [100]. (ii) SEM and TEM images of synthesized nanospheres [104]. (iii) TEM images of SLN unloaded (first row), SLN with encapsulated resveratrol (second row), SLN with encapsulated grape skin extract (third row) and SLN with encapsulated grape seed extract (fourth row) (scale bar: 500 nm) [106]. (C) Results of the biomaterials as treatments of neurodegenerative diseases. (i) Li C et al. demonstrated that the treatment with Ma@(MnO2+FTY) in ischemic brains induced a phenotypic transition of microglia from M1 to M2 and reduced oxidative stress (left); graphs show that inflammation is also reduced with the treatment with Ma@(MnO2+FTY). Scale bar: 100 μm. * p < 0.05; ** p < 0.01; *** p < 0.001 [100]. (ii) The study conducted by Fan et al. revealed that Cur-loaded PLGA-PEG-B6 NPs effectively reduced hippocampal Aβ plaques in APP/PS1 mice. Histological analysis demonstrated that APP/PS1 mice exhibited substantial amyloid deposits (indicated by red, white and black arrows) in the hippocampal region. Compared to APP/PS1 control groups, Cur and NT moderately attenuated Aβ plaque formation. Synthetized nanoparticles significantly attenuated this pathology. * p < 0.05 versus WT group, # p < 0.05 versus former group [104]. (iii) Huo X et al. synthesized Cur-loaded Se-PLGA nanospheres; the graph (left) shows the good biocompatibility of the nanospheres and non-toxic effects with cell culture. The images (right) show the ability of the nanospheres to pass through the BBB and bind to Aβ-amyloid plaques [106]. Scale bar: 100 μm. (iv) A decrease in the peptide aggregation was observed when resveratrol and the grape extracts are encapsulated [117]. All images reproduced with permission. Images (A(i),B(i),C(i)) [100] 2021, John Wiley and Sons. Images (A(ii),B(ii),C(ii)) [104] 2018, Taylor & Francis Group. Images (A(iii),B(iii),C(iii)) [106] 2019, Elsevier. Images (A(iv),B(iv),C(iv)) [117] 2017, MDPI. 
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Table 2. Antioxidant materials employed for neurodegenerative diseases.
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Category

	
Material

	
Load

	
Model

	
Properties

	
Ref.






	
Inorganic NPs

	
Cerium oxide (CeONPs)

	
-

	
P12 neuronal cells

	
Anti-amyloid aggregation, antioxidant activity

	
[93,94,95]




	
Ceria/Polyoxometalates

	
-

	
P12 neuronal cells

	
Inhibition of Aβ-induced microglial cell activation

	
[96]




	
Iron oxide (IONPs)

	
-

	
Drosophila Alzheimer’s disease model

	
Anti-ROS activity

	
[97]




	
Yttrium oxide

	
-

	
P12 neuronal cells

	
Reduction in oxidative stress and apoptosis

	
[98]




	
Yttrium NPs and CeONPs

	
-

	
Wistar rats

	
Reduction in oxidative stress

	
[99]




	
MnO2

	
Fingolimod

	
Mice

	
ROS and microglia pro-inflammatory state reduction

	
[100]




	
Selenium NPs

	
Resveratrol

	
AD rat model

	
Anti-inflammatory activity

	
[116]




	
Carbon materials

	
Partially reduced graphene oxide

	
-

	
Mouse-substantia-nigra-derived dopaminergic cell line

	
Prevention of dopaminergic neuron loss and α-syn depletion

	
[101]




	
PEG-HCCs

	
-

	
Brain endothelial cell line and primary cortical neuron cells

	
Protection against hydrogen peroxide

	
[102]




	
Polymeric NPs

	
(PLGA-PEG) and B6 peptide

	
Curcumin

	
APP/PS1 Al transgenic mice

	
Improvement in spatial learning and memory

	
[104]




	
PLGA

	
Curcumin

	
Rats

	
Neuronal differentiation

	
[105,106,107,108,109]




	
PEGylated PLGA NPs

	
Ascorbic acid and EGCG

	
Mice

	
Neuroinflammation and neuronal loss

	
[119]




	
Solid lipid NPs

	
Glycerol behenate

	
Curcumin

	
AD mouse model

	
Cellular damage reduction in brain

	
[111]




	
Cetylpalmitate and OX26 mAb

	
Resveratrol

	
Human brain-like endothelial cells

	
Inhibition of protein aggregation

	
[117]




	
Vitamin E and sefsol

	
Resveratrol

	
In vitro

	
Increasing the levels of GSH and SOD

	
[118]




	
Unspecified

	
EGCG

	
Rat

	
Increasing bioavailability of EGCG

	
[120]










4.3. Cardiovascular Diseases


Cardiovascular diseases (CVDs) are the leading cause of death worldwide. These include ischemic heart disease contributing to myocardial infarction (MI) and subsequent heart failure (HF) [126]. The pathogenesis of MI is generally attributed to a reduction in, or complete obstruction of, blood flow through the coronary arteries, leading to severe and persistent acute ischemia of the affected myocardium, which in turn causes myocardial cell necrosis. The inflammatory response is initiated in the early stages of MI. While a controlled inflammatory response plays a role in the partial repair of the damaged myocardium, sustained inflammation not only impedes tissue repair but also triggers cardiomyocyte (CM) apoptosis, necrosis and fibrosis, ultimately culminating in ventricular remodelling and cardiac insufficiency [127]. The augmented synthesis and release of proinflammatory cytokines may spread beyond the infarcted area, instigating a second phase of cytokine release that incites interstitial fibrosis and collagen deposition. This inflammation leads to an increase in ROS and oxidative stress, with a reciprocal effect, as in other cases since oxidative stress could also be related to the pathogenesis of these diseases. On the other hand, one of the preferred interventions to restore coronary artery blood supply is reperfusion of the clotted artery by fibrinolytic treatment or coronary stenting. The main drawback of this treatment is that it leads to myocardial ischemia–reperfusion injury (I/R), which also involves an imbalance in ROS. An excess of ROS generated by cardiac tissue inflammation or I/R can activate pro-hypertrophy pathways that stimulate myocardial pathological growth, cellular dysfunction and matrix remodelling. Remodelling occurs progressively, resulting in changes in cardiac size, shape and function [128,129]. Consequently, research endeavours have investigated the application of anti-inflammatory agents to mitigate excessive early inflammation and expedite myocardial repair following MI (Table 3 and Figure 6).



Bae et al. have developed H2O2-responsive antioxidant copolyoxalates containing vanillyl alcohol (VA) (PVAX), showing that they effectively suppressed the generation of ROS in myocardial ischemia. Their results also demonstrated significantly reduced levels of NADPH oxidase (NOX) 2 and 4 expression, which favours the decrease in ROS generation in the cardiac I/R model in mice [130]. Other polymeric NPs have been developed for I/R antioxidant treatment, most of them based on PEG or PLGA. Copolymers of PEG and poly (propylene sulphide) (PPS) have been used to encapsulate ginsenoside Rg3 (Rg3), a potent antioxidant obtained from Genus panax plants. In a rat I/R model, an intramyocardial injection of Rg3-loaded PEG-b-PPS NPs improved cardiac function and reduced infarct size. Rg3 targets the transcription factor FoxO3a, thereby suppressing the activation of downstream signalling pathways that promote oxidative stress, inflammation and fibrosis [131]. PEG-modified solid lipid NPs carrying baicalin (flavonoid) and schisandrin B (antioxidant and bioactive chemical compounds found in Schisandra chinensis) have been developed. They showed heart-targeted drug delivery, enhanced drug penetration and a reduction in the infarct size in rats [132,133]. Exenatide-loaded poly(L-lysine)-poly(ethylene glycol)-poly(L-lysine) (PLL-PEG-PLL) NPs have been also studied and results showed that PLL-PEG-PLL enhance the bioavailability of exenatide, which led to a reduction in oxidative stress injury and an improvement in the myocardial function of I/R injured rats [134].



Different antioxidant molecules have been encapsulated into PLGA NPs for cardiac I/R treatment. Quercetin PLGA NPs were studied in vitro by Lozano et al., demonstrating that the nanoparticles effectively shielded quercetin from degradation and enhanced its bioavailability. Moreover, they exhibited enhanced cell rescue, primarily attributed to a significant reduction in oxidized thiols [135]. Resveratrol has also been employed for heart disease, encapsulated into PLGA NPs, demonstrating that a mitochondria-targeted resveratrol could scavenge the ROS in ischemic CMs and inhibit the apoptosis of damaged CMs [136]. Resveratrol PLGA NPs have also prevented myocardial necrosis and reduced interstitial oedema and neutrophil infiltration in rats [137]. Irbesatan and pioglitazone are approved drugs used for the treatment of diabetes, heart failure and hypertension. In order to enhance their bioavailability in the myocardium and minimize adverse effects, they have been encapsulated in PLGA NPs. It has been shown that they reduced acute inflammation and promoted cardiac repair following MI [138,139]. Ishikita et al. created PLGA NPs loaded with mitochondrial division inhibitor 1 (Mdivi-1). These NPs were able to successfully deliver Mdivi-1 to the cytoplasm and mitochondria of CMs under H2O2-induced oxidative stress, which simulates I/R injury. In rat neonatal CMs, these NPs showed greater effectiveness in reducing H2O2-induced cell death than Mdivi-1 alone. Additionally, NP-mediated delivery of Mdivi-1 to the ischemic myocardium protected mice from I/R injury [140]. Coenzyme Q10 (CoQ10), often a food supplement, has been considered as a potential candidate for the treatment of various diseases where oxidative stress plays a significant role, including cardiovascular diseases [141]. Simón-Yarza et al. have encapsulated CoQ10 in PLGA NPs to improve its bioavailability after oral administration and sustained release in mice [142]. Verma et al. administered CoQ10-loaded liposomes to rabbits with experimental MI to enhance intracellular CoQ10 delivery and diminish the proportion of damaged myocardium [143]. On the other hand, activation of the L-type Ca2+ channel also contributes to an augmented production and metabolism of mitochondrial ROS [144]. Hardy et al. have studied the concurrent delivery of a peptide targeting the alpha-interacting domain of the L-type Ca2+ channel (AID) in conjunction with the powerful antioxidants curcumin or resveratrol using multifaceted poly(glycidyl methacrylate) (PGMA) nanoparticles. They have shown, in isolated rat hearts subjected to I/R, that this approach can attenuate oxidative stress and superoxide production in cardiac myocytes [145].



Beyond polymeric NPs, metallic and metal–oxide nano-zymes with antioxidant properties have been tested for the treatment of ischemic myocardial damage. Ceria NPs have exhibited protective effects against ROS-induced cell death in vitro, with their ROS-scavenging activity evaluated using SOD and catalase mimetic assays [146]. Cerium oxide NPs exhibit the ability to safeguard cardiac progenitor cells against H2O2-induced cytotoxicity in a dose- and time-dependent manner in vitro [147]. Gold NPs have been shown to have antioxidant activity [148,149]. Tartuce et al. studied the administration of 2-methoxyisobutylisonitrile-conjugated gold NPs (AuNP-MIBI) in an ischemia–reperfusion model in rats. They showed that inflammation parameters were reduced in animals treated with the NPs but they did not find significant differences in parameters related to oxidative stress [150]. Further studies are needed to confirm its beneficial effect on MI due to its possible side effects [151].



In addition to inorganic NPs, inorganic fibres with antioxidant properties have also been developed. ROS-responsive biodegradable elastomeric polyurethane fibres made by electrospinning containing thioketal linkages and loaded with glucocorticoid methylprednisolone were effectively employed in the treatment of a rat MI model for 28 days. These fibres significantly enhanced cardiac function, including an increase in ejection fraction, a reduction in infarct size and an improvement in myocardial revascularization [152].



Hydrogels with antioxidant properties or loaded with ROS-scavenger molecules have also been widely explored to protect myocardium from oxidative stress after I/R injury. Hao et al. have created a novel injectable hydrogel, constructed from chitosan enhanced with borinate-protected diazeniumdiolate, possessing the capacity to release nitric oxide (NO) (CS-B-NO) in response to ROS stimulation, consequently regulating the ROS/NO imbalance post-I/R. NO, a naturally occurring bioactive gas molecule, plays a pivotal role in safeguarding and regulating cardiovascular function [153]. Administration of CS-B-NO effectively mitigated cardiac damage and detrimental cardiac remodelling, facilitated heart repair and enhanced cardiac function in a mouse model of I/R [154]. Vong et al. developed an injectable hydrogel formed by the electrostatic crosslinking between PMNT-PEG-PMNT triblock copolymer (poly [4-(2,2,6,6-tetramethylpiperidine-N-oxyl)aminomethylstyrene]-b-poly(ethyleneglycol)-b-poly [4-(2,2,6,6 tetramethylpiperidine-N-oxyl)aminomethylstyrene) to simultaneously scavenge excessive ROS and modulate local NO expression levels in mice [155]. Polyvinylalcohol/dextran (PVA/Dex) with astaxanthin-loaded hydrogels allowed the in situ release of astaxanthin, a potent natural antioxidant molecule, in the infarcted area and a reduction in the oxidative stress in rats [156]. α-tocopherol liposome loaded chitosan hydrogel was developed by Qu Y. et al. and could suppress the oxidative stress injury in CMs in vitro [157]. Chitosan chloride–glutathione hydrogel in vitro could also effectively scavenge the superoxide anion and the hydroxyl radical [158]. Chitosan–vitamin C (CSVC) hydrogel scaffolds have been shown to enhance CM survival and minimize ROS levels under H2O2-induced oxidative stress conditions in vitro [159]. Chitosan–gelatine-based hydrogel containing ferulic acid (a potent antioxidant) showed a sustained released of ferulic acid and could protect from oxidative-stress-induced damage in rabbits [160]. Hu et al. have developed an injectable hydrogel composed of phenylboronic-acid-grafted carboxymethyl cellulose (CMC-BA) that exhibits responsiveness to the inflammatory microenvironment at the site of myocardial infarction (MI), delivering curcumin and tailored recombinant humanized collagen type III in a controlled manner, demonstrating remarkable anti-inflammatory properties in rats [161]. Fullerenol NPs have been introduced into alginate hydrogels, effectively scavenging the superoxide anion and hydroxyl radicals in vitro [162]. A hydrogel synthesized from N-isopropyl acrylamide and methoxy-PEG methacrylate was injected in vivo into sheep myocardium. Results showed that the hydrogel could improve contractile function, increase wall thickness and decrease ROS after MI [163]. An injectable selenium-containing polymeric hydrogel, namely, poly[di-(1-hydroxylyndecyl) selenide/polypropylene glycol/polyethylene glycol urethane] (poly(DH-SE/PEG/PPG urethane), was synthesized by combining a thermosensitive PPG block, DH-Se (with oxidation-reduction properties) and hydrophilic PEG segments. It was injected in a mouse model of MI and showed an inhibition of inflammation and fibrosis, and a significant improvement in left ventricular remodelling [164].



Cell encapsulation in hydrogels is an additional therapeutic option under investigation to reduce oxidative stress, as some cell types such as mesenchymal stem cells (MSCs) are immunomodulators [165]. A graphene oxide/laponite/gelatine (GO-LG) hydrogel was developed by Cheng et al. and loaded with mesenchymal stem cells (MSCs), showing a significant decrease in the oxidative damage in CMs [166]. In an attempt to restore infarcted myocardium, MSCs were encapsulated into a hydrazide–hyaluronic acid solution and then combined with a sponge of 2-hydroxy-β-cyclodextrin and resveratrol. Results showed that the sponge could protect CMs under oxidative stress in vitro and, in vivo, demonstrated an improved cardiac microenvironment and reduced CM apoptosis. Moreover, transplanted stem cells can also secrete a variety of growth factors and cytokines that promote angiogenesis, reduce cardiac fibrosis and promote cardiac repair [167].



Coating stents with antioxidant polymeric scaffolds has also been raised as a possible solution to I/R injury. Janjic et al. have developed electrospun rosuvastatin and heparin-loaded cellulose nanofibrous scaffolds as a nanocoating for vascular stents. In addition to having an antithrombotic effect, statins also have anti-inflammatory properties. They showed a controlled drug release which demonstrated potential in the development of vascular grafts with anti-thrombogenic and anti-inflammatory functions [168]. Another electrospun scaffold for stent coating with antioxidant properties has been developed by Wang et al. They have synthesized rapamycin and 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL)-loaded PLA/PVA electrospun membranes as ROS scavenger and vascular smooth muscle cell proliferation inhibitor. Their results in an in vivo pig model showed rapid endothelialization and ROS scavenging [169]. More studies in this area are underway and most of them work on commercially available stents, making it a very promising therapeutic approach [170,171,172].



In addition to antioxidant therapy for MI and I/R, materials with these properties have also been described for the treatment of atherosclerosis. Atherosclerosis is a progressive disease characterized by the detrimental accumulation of lipids and fibrin within arterial walls. These atherosclerotic lesions, particularly in coronary arteries, can constrict the arterial lumen and induce stenosis, leading to subsequent myocardial ischemia. Oxidation of low-density lipoproteins (LDL) by ROS activates their uptake by macrophages, leading to their accumulation and the formation of an atheroma. Thus, oxidative stress can be the leading cause of the development of atherosclerotic lesions [173]. Because ROS production has a direct impact on cell membrane components and enhances endothelial dysfunction, fibrosis, and loss of tissue structure and function can occur, providing a pathogenic environment that also promotes the development of atherosclerosis [174]. The overproduction of ROS is also influenced by the recruitment of mast cells and leukocytes, due to elevated oxygen uptake, leading to increased release and accumulation of pro-oxidant agents at the site of injury [175,176]. Likewise, the production of various cytokines and chemokines continues to attract more inflammatory cells, producing even more ROS [177]. Cytokines and inflammatory cells, together with fibrosis associated with endothelial injury, can lead to the formation of an atheroma plaque. Most of the antioxidant materials developed for atherosclerosis are NPs for drug delivery to atherosclerotic plaque sites (Table 4 and Figure 7).
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Figure 6. Some biomaterials currently used for the treatment of I/R and cardiac infarct. (A) Synthesis process of the biomaterials. (i) Self-assembled ROS-responsive polymers of PEG and PPS diblock copolymers were prepared by Li L et al. for the encapsulation of Rg3 [131]. (ii) Synthesis pathway of Se-PEG-PPG [164]. (iii) Synthesis of polyurethanes (PUTK and PU) that respond to reactive oxygen species (ROS). The polyurethanes were synthesized from poly(ε-caprolactone) diol, 1,6-hexamethylene diisocyanate, and chain extenders of ROS-cleavable thioketal (TK) and 1,6-hexanediamine (HMDA). Additionally, electrospun fibrous patches loaded with methylprednisolone (MP) were fabricated for sustained release [152]. (iv) Preparation process and drug release mechanism of MI-responsive hydrogels [161]. (B) Biomaterials images. (i) TEM images showing the morphology of PEG-b-PPS and PEG-b-PPS-Rg3 (scale bar: 200 nm (top); scale bar: 50 nm (bottom)) [131]. (ii) SEM images of Se-PEG-PPG hydrogel before and after gelation (scale bar: 10 μm) [164]. (iii) SEM images of PUTK and PU [152]. (iv) SEM images of hydrogels. Hydrogel 1 represented control hydrogel; Hydrogel 2 represented PLGA@Cur NP-encapsulated hydrogel; Hydrogel 3 represented rhCol III-encapsulated hydrogel; Hydrogel 4 represented PLGA@Cur NP and rhCol III-encapsulated hydrogel [161] (C) Results of the biomaterials as treatments of neurodegenerative diseases. (i) Li L. et al. demonstrated that myocardial infarction area was reduced following intramyocardial injection of PEG-b-PPS-Rg3, whereas the PEG-b-PPS group exhibited no discernible reduction ((left) and (middle)). Additionally, PEG-b-PPS-Rg3 was found to effectively lower ROS generation (right). ** p < 0.01 compared with the sham group; ## p < 0.01 compared with the model group. [131]. (ii) Masson staining results (left) indicated that intramyocardial injection with Se-PEG-PPG hydrogel furnished robust structural support for the post-MI heart. Furthermore, they elucidated the inhibitory effects of Se-PEG-PPG hydrogel on the expression of fibrosis-associated genes (right). *** p < 0.01 [164]. (iii) The fibrosis in MI zone decreased significantly after being treated with the fibrous patches synthesized by Yao Y et al. * p < 0.05; ** p < 0.01 vs MI group. ## represent p < 0.01 between the selected groups [152]. (iv) Hydrogel 4, composed of PLGA@Cur NP and rhCol III-encapsulated hydrogel, demonstrated remarkable efficacy in improving cardiac function by diminishing infarct size and augmenting the thickness of the left ventricular wall in the infarcted region. ** p < 0.01 [161]. Images (A(i),B(i),C(i)) [131] 2020, Elsevier. Images (A(ii),B(ii),C(ii)) [164] 2022, Frontiers. Images (A(iii),B(iii),C(iii)) [152] 2020, Elsevier. Images (A(iv),B(iv),C(iv)) [161] 2022, Elsevier. 
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Epigallocatechin gallate (EGCG)-loaded NPs with α-tocopherol and modified with the major type of oxidized phosphatidylcholines found in oxidized LDL showed in in vitro studies specific binding to macrophages. Mice treated with the NPs also had significantly smaller lesion surface areas on aortic arches compared to the controls [178]. Nanometre-sized lipid carriers loaded with EGCG and chitosan significantly augmented EGCG stability, optimized its sustained release, enhanced its cellular bioavailability, and diminished cholesterol content and chemoattractant protein expression in macrophages [179]. Curcumin has been combined with bioperine, a potent enhancer of bioavailability due to its rapid absorption characteristics, and both were loaded into PLGA NPs. Results showed downregulation of the expression of genes involved in inflammatory pathways in the atherosclerotic process in vitro [180]. Liposomes composed of cholesterol, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(maleimide(polyethyleneglycol)2000 (Mal-PEG2000-DSPE) were loaded with atorvastatin calcium, which ameliorates atherosclerosis by lowering plasma lipid and inflammatory factors levels, and curcumin and modified using a ligand targeting dysfunctional endothelial cells. This approach effectively diminished foam cell formation, curbed inflammatory factor secretion, and lowered plasma lipid levels in in vitro and in vivo mouse models [181]. Diosmin, derived from citrus fruits, possesses antioxidant and anti-inflammatory properties, but its poor water solubility hinders its absorption through the gastrointestinal tract. To circumvent this limitation, Om et al. designed a hydroxypropyl starch and poly lactide–glycolidechitin polymeric matrix to prepare diosmin NPs. Treated rats showed significant downregulated levels of inflammatory molecules [182]. Selenium NPs stabilized with chitosan could alleviate early atherosclerotic lesions in mice after oral administration for 10 weeks accompanied by the alleviation of endothelial dysfunction and inflammation [183]. The leaf extract of Spinacia oleracea was used as a reducing agent to synthesize iron oxide NPs with antioxidant activity. These NPs were able to mitigate the atherosclerotic effects of Triton X-100 in vitro, with a significantly increased activity of SOD and catalase in rats [184]. Liu et al. utilized nontoxic fucoidan polysaccharide, a sulphated polysaccharide derived from the edible marine brown seaweed Fucus vesiculosus, to formulate chitosan–fucoidan NPs. These NPs were further modified to exhibit selective binding to P-selectin, an inflammatory adhesion molecule expressed on endothelial cells and activated platelets. This modification enabled the NPs to effectively impede leukocyte recruitment and rolling on platelets and endothelium. These NPs were shown to exhibit antioxidant and anti-inflammatory properties in vitro and effectively suppressed local oxidative stress and inflammation in mice [185]. Tempol (SOD mimetic agent) and phenylboronic acid pinacol ester (a hydrogen peroxide-eliminating compound) were encapsulated onto a cyclic polysaccharide β-cyclodextrin NPs. These NPs were capable of being internalized efficiently and rapidly by macrophages and vascular smooth muscle cells, effectively mitigating ROS-induced inflammation and cell apoptosis in macrophages by eliminating excessive intracellular ROS. In vivo studies in mice revealed that β-cyclodextrin NPs effectively ameliorated systemic and localized oxidative stress and inflammation, concurrently minimizing inflammatory cell infiltration within atherosclerotic plaques [186].



The development of new biomaterials such as the ones mentioned here, allowing a sustained release of antioxidants and in situ control of inflammation, has potential to become a great advance for human health, considering that cardiovascular diseases continue to be the leading cause of death worldwide. As cardiac tissue has insignificant regenerative capacity, early anti-inflammatory treatment in these diseases is essential to avoid permanent loss of damaged tissue. This makes injectable materials a better therapeutic approach due to their simpler administration. In addition, the contractility of the tissue would hinder the adhesion of an implant, in the case of polymeric scaffolds, which should also respond to this contractility. In the case of stents with antioxidant coatings, this is a very good option as modified stents containing drugs are currently used in the clinic.
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Figure 7. Some biomaterials currently used for the treatment of atherosclerosis. (A) Synthesis process of the biomaterials. (i) Illustration of the synthesis of CFNs with P-selectin targeting potential, to block leukocyte recruitment and rolling on platelets and endothelium in atherosclerotic plaques [185]. (ii) Chemical structure of a broad-spectrum ROS-scavenging material TPCD and development of a TPCD NP [186]. (iii) Illustration of E-selectin-targeting liposomes (T-AC-Lipo), simultaneously encapsulating atorvastatin calcium (Ato) and Cur [181]. (B) Biomaterials images. (i) TEM image of CNFs (scale bars: (left) 100 nm; (right) 200 nm) [185]. (ii) TEM (left) and SEM (right) images of TPCD NPs [186]. (iii) TEM image of T-AC-Lipo [181]. (C) Results of the biomaterials as treatments of neurodegenerative diseases. (i) These results show that targeted P-selectin delivery by CFNs strikingly attenuates atherosclerotic development and stabilizes the atherosclerotic plaques. * p < 0.05; ** p < 0.01 [185]. (ii) Observation on ORO-stained cryosections from the aortic sinus, aortic arch and brachiocephalic artery revealed the most significant antiatherosclerotic activity for TPCD NPs at both low and high doses. The quantitative analysis of the lesion area in aortas show that it was notably reduced after therapy with TPCD NPs. * p < 0.05; *** p < 0.001 [186]. (iii) Results indicate that the treatment with T-AC-Lipo resulted in a decrease in the lesion area in aortas [181]. * p < 0.05. All images reproduced with permission. Images (A(i),B(i),C(i)) [185] 2022, Mingying Liu et al. Images (A(ii),B(ii),C(ii)) [186] 2018, American Chemical Society. Images (A(iii),B(iii),C(iii)) [181] 2019, Li X et al. 
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Table 3. Antioxidant materials for I/R and cardiac infarct.
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Category

	
Material

	
Load

	
Model

	
Properties

	
Ref.






	
Polymeric NPs

	
Copolyoxalate

	
Vanillyl alcohol

	
I/R mouse model

	
Reduction in ROS

	
[130]




	
PEG and poly-(propylene sulphide)

	
Ginsenoside Rg3

	
I/R rat model

	
Inhibition of oxidative stress, inflammation and fibrosis

	
[131]




	
(PLL-PEG-PLL)

	
-

	
I/R rat model

	
Decreased oxidative stress and promoted myocardial function

	
[134]




	
PLGA

	
Quercetin

	
H9C2 cells

	
Increased quercetin bioavailability

	
[135]




	
PLGA

	
Resveratrol

	
H9C2 cells

	
ROS scavenging

	
[136]




	
PLGA

	
Resveratrol

	
Rat

	
Preventing myocardial necrosis

	
[137]




	
PLGA

	
Pioglitazone

	
Mouse and porcine model

	
Cardioprotection

	
[138]




	
PLGA

	
Irbesartan

	
I/R mouse model

	
Anti-inflammatory activity and reduced infarct size

	
[139]




	
PLGA

	
Mdivi-1

	
I/R mouse model

	
Cardioprotection against I/R

	
[140]




	
PLGA

	
CoQ-10

	
Mice

	
Increased bioavailability

	
[142]




	
PGMA

	
AID and cur/res

	
Rat

	
Decreased oxidative stress

	
[145]




	
Solid lipid NPs

	
PEG-modified solid lipid NPs

	
Baicalin, schisandrin B

	
Rat

	
Reduction in the infarction size

	
[132,133]




	
Egg phosphatidylcholine, cholesterol, PEG2000-DSPE

	
CoQ-10

	
I/R rabbit model

	
Limiting the fraction of damaged myocardium

	
[143]




	
Inorganic NPs

	
Ceria NPs

	
-

	
Murine cardiac progenitor cells

	
Protecting cardiac progenitor cells

	
[147]




	
AuNP-MIBI

	
-

	
I/R rat model

	
Reduction in inflammation

	
[150]




	
Inorganic fibres

	
Polyurethane

	
Methylprednisolone

	
Rat

	
Reconstruction of cardiac function

	
[152]




	
Hydrogels

	
Modified chitosan (CS-B-NO)

	
NO

	
I/R mouse model

	
Attenuation of cardiac damage

	
[154]




	
PMNT-PEG-PMNT

	
-

	
Mouse

	
ROS scavenging

	
[155]




	
PVA/Dex

	
Astaxanthin

	
Rat

	
Reduction in oxidative stress

	
[156]




	
Chitosan

	
α-tocopherol

	
Neonatal rat cardiomyocytes

	
Suppression of oxidative stress

	
[157]




	
Chitosan chloride–glutathione

	
-

	
Neonatal rat cardiomyocytes

	
Scavenging superoxide anion and hydroxyl radical

	
[158]




	
Chitosan–vitamin E

	
-

	
Neonatal rat cardiomyocytes

	
Reducing ROS

	
[159]




	
Chitosan

	
Ferulic acid

	
Rabbit

	
Protection from oxidative stress

	
[160]




	
CMC-BA

	
Curcumin, collagen III

	
Rat

	
Anti-inflammatory

	
[161]




	
Alginate

	
Fullerenol nps

	
Brown adipose-derived stem cells

	
Scavenging the superoxide anion and hydroxyl radicals

	
[162]




	
N-isopropyl acrylamide and methoxy-PEG methacrylate

	
-

	
Sheep

	
Increased contractile function and decreased ROS

	
[163]




	
Poly(DH-SE/PEG/PPG urethane

	
-

	
Mouse

	
Inhibition of inflammation and fibrosis

	
[164]




	
GO-IG

	
MSCs

	
WJ-MSCs and rat cardiomyocytes

	
Decreasing the oxidative damage

	
[166]




	
Hyaluronic acid and 2-hydroxy-β-cyclodextrin

	
Resveratrol and MSCs

	
Rat

	
Proangiogenic, anti-inflammatory and anti-apoptotic activity

	
[167]




	
Polymeric scaffolds

	
Cellulose

	
Statin and heparin

	
-

	
Anti-thrombogenic and anti-inflammatory functions

	
[168]




	
PLA/PVA

	
TEMPOL, rapamycin

	
Porcine model

	
Favours endothelialization and mitigates local inflammation

	
[169]
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Polymeric NPs

	
Chitosan

	
EGCG

	
THP-1 cells

	
Decreasing cholesterol content and chemoattractant protein expression in macrophages

	
[179]




	
PLGA

	
Curcumin–bioperine

	
THP-1 cells

	
Anti-inflammatory activity

	
[180]




	
Poly lactide–glycolidechitin

	
Diosmin

	
Rat

	
Downregulation of inflammatory molecules levels

	
[182]




	
Chitosan

	
Selenium

	
Mice

	
Alleviation of early atherosclerotic lesions

	
[183]




	
Chitosan–fucoidan

	
-

	
Mice

	
Suppression of local oxidative stress and inflammation

	
[185]




	
β-cyclodextrin

	
Tempol, phenylboronic acid pinacol ester

	
Mice

	
Antioxidant and anti-inflammatory properties

	
[186]




	
Lipid NPs

	
Phosphatidylcholines

	
EGCG and α-tocopherol

	
Mice

	
Smaller lesion surface areas on aortic arches

	
[178]




	
Cholesterol, DPPC and Mal-PEG2000-DSPE

	
Atorvastatin calcium and curcumin

	
Mice

	
Reduction in plasma lipid levels

	
[181]




	
Inorganic NPs

	
Iron oxide

	
Spinacia oleracea

	
Mice

	
Increased activity of SOD and catalase enzymes

	
[184]










4.4. Bone Diseases


Many diseases affecting the bone have been linked to oxidative stress, amongst which one of the most important is osteoporosis. It is defined as a progressive loss of bone mineral density (BMD), leading to weakened bones with reduced strength, decreased mass and impaired microarchitecture. Consequently, this condition increases the susceptibility to fractures, particularly in the spine, hip and wrist [187]. Osteoporosis affects millions of individuals worldwide, contributing to significant morbidity, mortality and economic burden [188].



Bone is a dynamic tissue that undergoes continuous renewal throughout life through the coordinated action of three main types of bone cells: osteoclasts, osteoblasts and osteocytes [189]. This process of bone remodelling is orchestrated by the intricate interactions between these cells and various molecular agents, including growth factors, hormones and cytokines. Osteoclasts remove old or damaged bone, later replaced by new tissue formed by osteoblasts. Osteocytes are considered the mechano-sensors of bone, as they have the potential to detect mechanical forces and translate them into biochemical signals [190]. Healthy bone undergoes a tightly regulated process of remodelling, ensuring minimal alterations in bone mass and mechanical strength after each remodelling cycle [191].



The pathophysiology of osteoporosis has been related to oxidative stress. Repeated stressful loading events promote the development of submicron fractures. The remodelling process of these small fractures induces the formation of new capillaries, augmenting the vascularization of the site and stimulating the influx of inflammatory cells, leading to a subsequent rise in ROS [192]. Excessive ROS levels can detrimentally impact osteoblast lifespan and ECM deposition [193,194]. Moreover, ROS can impede and diminish the activity and differentiation of osteoblasts. In addition, they also favour their apoptosis as well as the apoptosis of osteocytes, hindering mineralization and osteogenesis [195,196]. On the other hand, oxidative stress activates the differentiation of preosteoclasts into osteoclasts reinforcing bone resorption [197]. These events cause an imbalance between the activity of osteoblasts and osteoclasts resulting in a decrease in bone mineral density leading to osteoporosis [198] and suggesting that oxidative stress could be the main inducer of the bone deterioration effect. In addition, oxidative stress has been linked to activation of NADPH oxidase and decreased synthesis of antioxidant enzymes in bone due to hormonal regulation [199,200]. Therefore, biomaterials with antioxidant and anti-inflammatory activity for the treatment of osteoporotic bone defects are a promising option. They can be mainly divided into hydrogels, polymeric NPs and inorganic NPs (Table 5 and Figure 8).



Silibinin, a polyphenolic flavonoid active compound extracted from the seeds of Silybum marianum, was combined with selenium hydrogel scaffolds by Tao et al., demonstrating a potent effect on bone regeneration and bone mineralization, and enhanced expression of antioxidant and osteogenic proteins in vitro and in vivo in an osteoporotic rat model [201].



Referring to polymeric NPs, nanoceria has also been employed for osteoporosis treatment due to its known antioxidant activity. Nanoceria encapsulated within mesoporous silica NPs demonstrated antioxidant potential, effectively stimulated cell proliferation and promoted osteogenic responses without the need for additional osteogenic supplements in vitro [202]. Li et al. successfully synthesized a plasma-sprayed CeO2 coating with a hierarchical topography, featuring a micro-rough surface onto which ceria NPs were effectively superimposed. This approach showed reduced SOD activity and decreased reactive oxygen species production in H2O2-treated osteoblasts [203]. Shilajit, a natural mineral substance with multiple components, has demonstrated effectiveness in modulating immunity, exhibiting antioxidant activity and promoting disease resistance [204]. Nanochitosan conjugation with shilajit water extract could cause anti-osteoporotic activity by reducing oxidative stress, cytokines and H2O2 while restoring antioxidant levels in rats [205]. The biological polysaccharide-based antioxidant polyglucose-sorbitol-carboxymethyl ether (PSC) was used by Yu et al. as the precursor to synthesize Fe2O3@PSC NPs. These NPs could scavenge ROS, promoted osteogenic differentiation and inhibited osteoclast differentiation in vitro and in vivo [206]. Tocotrienol, a member of vitamin E family, possesses antioxidant capacity. To increase its bioavailability, Gao et al. have combined it with PLGA NPs and injected into the bones of a postmenopausal osteoporosis rat model, achieving higher mineral content and an improvement in bone strength, compared with controls [207]. Polaprezinc (Zinc L-carnosine), a commercially available drug that acts as a potent inducer of antioxidant enzymes such as SOD and glutathione peroxidase, was effectively incorporated into polycaprolactone/gelatine hybrid electrospun nanofibres to produce a membrane with antioxidant and pro-osteogenesis capabilities. Scaffolds were implanted into the cranial bone defects of osteoporotic rats. The results showed that the scaffolds were able to decrease oxidative stress and enhance bone formation [208].



Regarding inorganic NPs, selenium has also been employed. Selenium NPs have demonstrated the capacity to preserve mechanical and microstructural properties of bone in vivo. Fatima et al. showed that selenium NPs increased antioxidant levels in human MSCs undergoing osteogenesis compared to untreated cells [209,210]. Lycopene is a carotenoid and antioxidant molecule that has been employed to form NPs by Ardawi et al. resulting in an enhanced osteoblast differentiation from MSCs [211]. Zheng et al. have demonstrated that daily administration of iron oxide NPs promoted the osteogenic differentiation of bone marrow MSCs and inhibited the osteoclast differentiation of monocytes in mice via scavenging ROS [212]. Platinum NPs exhibit great antioxidant activity. They were administered intragastrically in mice, achieving a decrease in the level of activity and number of osteoclasts, as well as ROS and oscillation in intracellular Ca2+ concentrations [213]. Mn-containing β-tricalcium exhibited superior scavenge capability against oxygen and nitrogen radicals, suggesting its antioxidant properties compared to β-tricalcium alone. In vitro and in vivo studies demonstrated that released Mn2+ ions effectively inhibited osteoclast formation and activity, enhanced osteoblast differentiation, and accelerated bone regeneration under osteoporotic conditions in rats [214].



On the other hand, when an osteoporotic fracture occurs, the use of orthopaedic implants is necessary. However, osseointegration in osteoporosis after prosthesis implantation is often inadequate, leading to an increased risk of complications, such as prosthesis displacement and loosening, as well as periprosthetic fractures. This is primarily attributed to the progression of the disease, which is accompanied by substantial inflammation and ROS production [215]. To enhance prosthesis implantation, a Zn2+-doped MnO2 nanocoating was readily incorporated onto orthopaedic titanium implants via a UV-photolysis reaction. This nanocoating exhibited catalase-like activity and effectively suppressed intracellular oxidative product generation, shielding SOD levels from depletion under H2O2-induced oxidative stress. This, in turn, safeguarded pre-osteoblast functions in vitro [216]. Riccucci et al. have developed a hydroxyapatite-based material with a coating of chitosan grafted with polyphenols which enables a controlled delivery of the antioxidant molecules [217]. Large titanium (TiO2) nanotubes exhibited substantially enhanced osteogenic differentiation and demonstrated superior cellular outcomes in vitro, featuring augmented osteoblast adhesion, survival and differentiation compared to native titanium (control). Consequently, these nanotubes could be advantageous for the development of orthopaedic implants for patients with bone degenerative diseases [218]. Ding et al. developed a ROS-scavenging hydrogel by crosslinking EGCG, 3-acrylamido phenylboronic acid and acrylamide, and encapsulated bone marrow MSCs within it. The hydrogel effectively enhanced osteointegration of 3D-printed microporous titanium alloy prostheses in an osteoporotic rabbit model, exhibiting the ability to scavenge accumulated ROS, suppress inflammatory cytokine expression and improve osteogenesis-associated markers [219]. Melatonin has been shown to possess free-radical scavenging and antioxidant properties, complementing its crucial role in bone formation [220]. Xiao et al. have constructed a composite adhesive GelMA-dopamine hydrogel to bring about sustained melatonin release that could inhibit osteoblast apoptosis caused by oxidative stress. This in turn promoted osteogenesis and improved bone quality around titanium implants inserted into rat bones [221].



In the case of NPs, they are presented as a solution to the development of osteoporotic disease by preventing a possible fracture. Injectability and easy administration make this type of biomaterial a good therapeutic strategy for cases of early osteoporosis. However, once the fracture has occurred, it would be necessary to resort to traditional hard materials to replicate the mechanical properties of bone; complementing these materials by formulating them with antioxidant properties or adding an antioxidant coating may allow better integration of the prosthesis and prevent the progression of the disease.



As a whole, these recent investigations have demonstrated that a diverse range of bone scaffolding materials and functionalized molecules with antioxidant properties have the potential to enhance patient clinical outcomes. These findings suggest that interdisciplinary research is leading to the development of novel technologies for regenerative medicine, oxidative stress management, bone disease prevention and osteogenesis promotion.
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Figure 8. Some biomaterials currently used for the treatment of osteoporosis. (A) Synthesis process of the biomaterials. (i) Pinna A et al. have tested the capability of the ROS scavenger nanoceria encapsulated within mesoporous silica nanoparticles (Ce@MSNs) to treat osteoporosis using a co-culture system of MC3T3-E1 and RAW264.7 macrophages [202]. (ii) Schematic structure of Fe2O3@PSC nanoparticles (NPs) [206]. (iii) Preparation of the MnO2 and Zn-doped MnO2 nanocoatings via a UV-photolysis reaction. Zn2+ addition would inhibit the MnO2 crystal growth and reduce its size [216]. (B) Biomaterials images. (i) TEM image of an individual Ce@MSN [202]. (ii) TEM image of the NPs (scale bar: 20 nm) [206]. (iii) SEM image of Zn-doped MnO2 nanocoating [216]. (C) Results of the biomaterials as treatments of neurodegenerative diseases. (i) The effect of the Ce@MSNs on mineralization was studied using Alizarin Red staining (top row) and it was much more pronounced than in the cells cultured with MSNs and the basal condition. The green fluorescence (bottom row) show that exposure to Ce@MSNs increased expression of collagen type 1 in MC3T3-E1 cells compared to basal media and media containing MSNs. The graph indicates the Ce@MSN ability to scavenge ROS. * p < 0.05 [202]. (ii) Morphological analysis shows that the formation of osteoids increased, while the bone resorption area decreased with NP administration. Analysis of the bone mineral density of the femur cancellous bone (top left), trabecular area (top right), area of osteoclasts (Oc. Ar) (bottom left) and percentage of osteoid perimeter (%O. Pm) (bottom right) shows significant differences between FAC (ferric ammonium citrate) treatment and NP administration. p > 0.05; *** p < 0.001; **** p < 0.0001. [206]. (iii) Images show that H2O2 treatment suppressed the recruitment of cellular actin and vinculin in cells for the Ti + H2O2 group. In contrast, the enhanced actin microfilaments and vinculin dots were observed in H2O2-treated cells on the MnO2 and Zn-MnO2 nanocoatings. Quantitative analysis (graphs) revealed the same results. ** p < 0.01; *** p < 0.001 [216]. Scale bar: 25 μm. All images reproduced with permission. Images (A(i),B(i),C(i)) [202] 2021, Elsevier. Images (A(ii),B(ii),C(ii)) [206] 2020, Elsevier. Images (A(iii),B(iii),C(iii)) [216] 2021, Elsevier. 
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Category

	
Material

	
Load

	
Model

	
Properties

	
Ref.






	
Hydrogel

	
Poloxamer 407 and selenium

	
Silibinin

	
Rat

	
Bone regeneration and mineralization

	
[201]




	
EGCG, 3-acrylamido phenylboronic acid and acrylamide

	
MSCs

	
Rabbit

	
Antioxidant and anti-inflammatory activity, and improved osteogenesis

	
[220]




	
gelatine methacryloyl–dopamine

	
Melatonin

	
Rat

	
Promotion of osteogenesis and improved bone quality

	
[221]




	
Polymers

	
Silica NPs

	
Cerium oxide

	
RAW264.7 and MC3T3-E1 cells

	
Antioxidant capability and stimulated cell proliferation and osteogenic responses

	
[202]




	
Chitosan NPs

	
Shilajit water extract

	
Rat

	
Antioxidant and anti-inflammatory activity

	
[205]




	
Fe2O3@PSC NPs

	
-

	
Mice

	
ROS scavenging, pro-osteogenic and inhibition of osteoclast differentiation

	
[206]




	
Lycopene NPs

	
-

	
BMSCs

	
Pro-osteoblast differentiation

	
[211]




	
PLGA NPs

	
Tocotrienol

	
Rat

	
Improvement in bone strength and mineralization

	
[207]




	
polycaprolactone/gelatine NPs

	
Polaprezinc

	
Rat

	
Promotion of bone formation

	
[208]




	
Titanium dioxide nanotubes

	
-

	
Rat calvarial osteoblasts

	
Improvement in osteoblast adhesion and osteogenic differentiation

	
[218]




	
Inorganic NPs

	
Selenium

	
-

	
hESC-derived hMSCs

	
Increased antioxidant levels

	
[209]




	
Cerium oxide

	
-

	
MC3T3-E1 cells

	
Antioxidant activity

	
[203]




	
Iron oxide

	
-

	
Mice

	
Antioxidant, osteogenic differentiation and inhibition of osteoclast differentiation

	
[212]




	
Platinum

	
-

	
Mice

	
Decreased osteoclast activity levels and antioxidant capacity

	
[213]




	
Manganese

	
β-tricalcium

	
Rat

	
Promotion of the differentiation of osteoblasts and accelerate bone regeneration

	
[214]




	
Manganese oxide

	
Zn2+

	
MC3T3-E1 cells

	
Catalase-like activity

	
[216]











5. Discussion and Future Perspectives


The use of materials- and TE-based approaches to address the pathological effects of oxidative stress has seen explosive research in the last decade. Given the medical, economic and humane impact of targeted diseases, such as the ones reviewed here, these applications are poised to make significant contributions to their treatment, as well as their understanding. However, if the field is to progress beyond the present plethora of preclinical studies, there are a number of challenges that must be addressed. The first is standardization. As depicted in the sections above, many antioxidants rely on natural products or extracts. These, although they can be highly effective, are often not fully defined in their characterization or methodology, increasing the risk of batch-to-batch variations and lack of reproducibility. Therefore, improved and more detailed methods must be developed and disseminated. Secondly, the field, as many others, is highly impacted by a lack of a translational thinking and progress. Many of the studied compounds or formulations, albeit their benefits, are not pursued further towards the bedside. One of the reasons is the enormous gap between a naturally derived molecule and a clinically approved product, where modifications in processes can result in a lack of effect for the refined compound. Also, the use of under-representative animal models can hinder the progressing to the clinical stage. Here, use of more relevant testbeds, such as those based on human induced pluripotent stem cell (hiPSC)-derived phenotypes, bioengineered technologies (e.g., organ-on-a-chip) and advanced AI-supported computational models, can provide a more reliable bridging between preclinical and clinical stages, as recently promoted by the FDA [222,223,224]. Thirdly, issues such as dosing, time of delivery and route of administration will have to be brought into play and pinned down, in order to achieve a maximized therapeutic effect for a given application. Here, again, species-specific differences can pose an important hindrance.



In conclusion, the use of biomaterials with the capacity to limit oxidative stress or to incorporate molecules with this ability is poised to produce a significant impact on human health. Thus, we can presume that the development of such interdisciplinary studies will lead to the emergence of new technologies for TE, control of oxidative stress and prevention of diseases associated with oxidative stress in the following decade.







Author Contributions


Conceptualization, D.P. and M.M.M.; resources, T.J., F.P. and M.M.M.; data curation, M.P.-A.; writing—original draft preparation, M.P.-A.; writing—review and editing, D.P. and M.M.M.; supervision, T.J., D.P. and M.M.M.; project administration, C.S. and F.P.; funding acquisition, F.P. and M.M.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been supported by the European Union’s H2020 research and innovation programme under grant agreement 874827 (BRAV∃); Instituto de Salud Carlos III co-financed by European Regional Development Fund-FEDER “A way to make Europe” PI19/01350; Ministerio de Ciencia e Innovación CARDIOPRINT (PLEC2021-008127); Gobierno de Navarra IMPRIMED (0011-1411-2021-000096) and BIOHEART (0011-1411-2022-000071) and Gobierno de Navarra BIOGEN (PC020-021-022), and Instituto de Salud Carlos III and “Financiado por la Unión Europea–NextGenerationEU. Plan de Recuperación Transformación y Resiliencia” RICORS TERAV (RD21/0017/0009) FEDER. M.P.A is supported by Gobierno de Navarra with a predoctoral fellowship (0011-0537-2020-000082).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Juan, C.; Pérez de la Lastra, J.; Plou, F.J.; Pérez-Lebeña, E.; Reinbothe, S. The Chemistry of Reactive Oxygen Species (ROS) Revisited: Outlining Their Role in Biological Macromolecules (DNA, Lipids and Proteins) and Induced Pathologies. Int. J. Mol. Sci. 2021, 22, 4642. [Google Scholar] [CrossRef] [PubMed]

	



Bolisetty, S.; Jaimes, E.A. Mitochondria and Reactive Oxygen Species: Physiology and Pathophysiology. Int. J. Mol. Sci. 2013, 14, 6306–6344. [Google Scholar] [CrossRef] [PubMed]

	



Magnani, F.; Mattevi, A. Structure and Mechanisms of ROS Generation by NADPH Oxidases. Curr. Opin. Struct. Biol. 2019, 59, 91–97. [Google Scholar] [CrossRef] [PubMed]

	



Lichtenberg, D.; Pinchuk, I. Oxidative Stress, the Term and the Concept. Biochem. Biophys. Res. Commun. 2015, 461, 441–444. [Google Scholar] [CrossRef]

	



Patten, D.A.; Lafleur, V.N.; Robitaille, G.A.; Chan, D.A.; Giaccia, A.J.; Richard, D.E. Hypoxia-Inducible Factor-1 Activation in Nonhypoxic Conditions: The Essential Role of Mitochondrial-Derived Reactive Oxygen Species. Mol. Biol. Cell 2010, 21, 3247–3257. [Google Scholar] [CrossRef] [PubMed]

	



Cruz, C.M.; Rinna, A.; Forman, H.J.; Ventura, A.L.M.; Persechini, P.M.; Ojcius, D.M. ATP Activates a Reactive Oxygen Species-Dependent Oxidative Stress Response and Secretion of Proinflammatory Cytokines in Macrophages. J. Biol. Chem. 2007, 282, 2871–2879. [Google Scholar] [CrossRef]

	



Gao, Q. Oxidative Stress and Autophagy. Adv. Exp. Med. Biol. 2019, 1206, 179–198. [Google Scholar] [CrossRef]

	



Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative Stress and Autophagy: The Clash between Damage and Metabolic Needs. Cell Death Differ 2015, 22, 377–388. [Google Scholar] [CrossRef] [PubMed]

	



Tal, M.C.; Sasai, M.; Lee, H.K.; Yordy, B.; Shadel, G.S.; Iwasaki, A. Absence of Autophagy Results in Reactive Oxygen Species-Dependent Amplification of RLR Signaling. Proc. Natl. Acad. Sci. USA 2009, 106, 2770–2775. [Google Scholar] [CrossRef]

	



West, A.P.; Brodsky, I.E.; Rahner, C.; Woo, D.K.; Erdjument-Bromage, H.; Tempst, P.; Walsh, M.C.; Choi, Y.; Shadel, G.S.; Ghosh, S. TLR Signalling Augments Macrophage Bactericidal Activity through Mitochondrial ROS. Nature 2011, 472, 476–480. [Google Scholar] [CrossRef]

	



Guo, C.; Dong, G.; Liang, X.; Dong, Z. NOX2-Dependent Regulation of Inflammation. Physiol. Behav. 2017, 176, 139–148. [Google Scholar] [CrossRef]

	



Arulselvan, P.; Fard, M.T.; Tan, W.S.; Gothai, S.; Fakurazi, S.; Norhaizan, M.E.; Kumar, S.S. Role of Antioxidants and Natural Products in Inflammation. Oxid. Med. Cell. Longev. 2016, 2016, 5276130. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; He, T.; Farrar, S.; Ji, L.; Liu, T.; Ma, X. Antioxidants Maintain Cellular Redox Homeostasis by Elimination of Reactive Oxygen Species. Cell. Physiol. Biochem. 2017, 44, 532–553. [Google Scholar] [CrossRef] [PubMed]

	



Forman, H.J.; Davies, K.J.A.; Ursini, F. How Do Nutritional Antioxidants Really Work: Nucleophilic Tone and Para-Hormesis versus Free Radical Scavenging In Vivo. Free Radic. Biol. Med. 2014, 66, 24–35. [Google Scholar] [CrossRef] [PubMed]

	



Sohal, R.S.; Allen, R.G. Oxidative Stress as a Causal Factor in Differentiation and Aging: A Unifying Hypothesis. Exp. Gerontol. 1990, 25, 499–522. [Google Scholar] [CrossRef] [PubMed]

	



Sies, H. Oxidative Stress: Oxidants and Antioxidants. Exp. Physiol. 1997, 82, 291–295. [Google Scholar] [CrossRef] [PubMed]

	



Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive Oxygen Species in Inflammation and Tissue Injury. Antioxid. Redox Signal. 2014, 20, 1126–1167. [Google Scholar] [CrossRef]

	



Medzhitov, R. Origin and Physiological Roles of Inflammation. Nature 2008, 454, 428–435. [Google Scholar] [CrossRef]

	



Brieger, K.; Schiavone, S.; Miller, F.J.; Krause, K.H. Reactive Oxygen Species: From Health to Disease. Swiss Med. Wkly. 2012, 142, w13659. [Google Scholar] [CrossRef]

	



Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative Stress and Antioxidant Defense. World Allergy Organ. J. 2012, 5, 9–19. [Google Scholar] [CrossRef]

	



Nissanka, N.; Moraes, C.T. Mitochondrial DNA Damage and Reactive Oxygen Species in Neurodegenerative Disease. FEBS Lett. 2018, 592, 728–742. [Google Scholar] [CrossRef] [PubMed]

	



Abuja, P.M.; Albertini, R. Methods for Monitoring Oxidative Stress, Lipid Peroxidation and Oxidation Resistance of Lipoproteins. Clin. Chim. Acta 2001, 306, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Picca, A.; Calvani, R.; Coelho-junior, H.J.; Marzetti, E. Cell Death and Inflammation: The Role of Mitochondria in Health and Disease. Cells 2021, 10, 537. [Google Scholar] [CrossRef] [PubMed]

	



Valavanidis, A.; Vlachogianni, T.; Fiotakis, C. 8-Hydroxy-2′-Deoxyguanosine (8-OHdG): A Critical Biomarker of Oxidative Stress and Carcinogenesis. J. Env. Sci. Health C Env. Carcinog. Ecotoxicol. Rev. 2009, 27, 120–139. [Google Scholar] [CrossRef] [PubMed]

	



Muftuoglu, M.; Mori, M.P.; Souza-Pinto, N.C. de Formation and Repair of Oxidative Damage in the Mitochondrial DNA. Mitochondrion 2014, 17, 164–181. [Google Scholar] [CrossRef]

	



Poetsch, A.R. The Genomics of Oxidative DNA Damage, Repair, and Resulting Mutagenesis. Comput. Struct. Biotechnol. J. 2020, 18, 207–219. [Google Scholar] [CrossRef]

	



Jelic, M.; Mandic, A.; Maricic, S.; Srdjenovic, B. Oxidative Stress and Its Role in Cancer. J. Cancer Res. Ther. 2021, 17, 22–28. [Google Scholar] [CrossRef]

	



Franco, R.; Schoneveld, O.; Georgakilas, A.G.; Panayiotidis, M.I. Oxidative Stress, DNA Methylation and Carcinogenesis. Cancer Lett. 2008, 266, 6–11. [Google Scholar] [CrossRef]

	



Ramana, K.; Srivastava, S.; Singhal, S.S. Lipid Peroxidation Products in Human Health and Disease. Oxid. Med. Cell. Longev. 2013, 2013, 583438. [Google Scholar] [CrossRef]

	



Yadav, D.K.; Kumar, S.; Choi, E.H.; Chaudhary, S.; Kim, M.H. Molecular Dynamic Simulations of Oxidized Skin Lipid Bilayer and Permeability of Reactive Oxygen Species. Sci. Rep. 2019, 9, 4496. [Google Scholar] [CrossRef]

	



Nita, M.; Grzybowski, A. The Role of the Reactive Oxygen Species and Oxidative Stress in the Pathomechanism of the Age-Related Ocular Diseases and Other Pathologies of the Anterior and Posterior Eye Segments in Adults. Oxid. Med. Cell. Longev. 2016, 2016, 3164734. [Google Scholar] [CrossRef] [PubMed]

	



Goszcz, K.; Deakin, S.J.; Duthie, G.G.; Stewart, D.; Leslie, S.J.; Megson, I.L. Antioxidants in Cardiovascular Therapy: Panacea or False Hope? Front. Cardiovasc. Med. 2015, 2, 29. [Google Scholar] [CrossRef] [PubMed]

	



Feric, N.T.; Pallotta, I.; Singh, R.; Bogdanowicz, D.R.; Gustilo, M.M.; Chaudhary, K.W.; Willette, R.N.; Chendrimada, T.P.; Xu, X.; Graziano, M.P.; et al. Engineered Cardiac Tissues Generated in the Biowire II: A Platform for Human-Based Drug Discovery. Toxicol. Sci. 2019, 172, 89–97. [Google Scholar] [CrossRef]

	



Noor, N.; Shapira, A.; Edri, R.; Gal, I.; Wertheim, L.; Dvir, T. 3D Printing of Personalized Thick and Perfusable Cardiac Patches and Hearts. Adv. Sci. 2019, 6, 1900344. [Google Scholar] [CrossRef] [PubMed]

	



Mastikhina, O.; Moon, B.U.; Williams, K.; Hatkar, R.; Gustafson, D.; Mourad, O.; Sun, X.; Koo, M.; Lam, A.Y.L.; Sun, Y.; et al. Human Cardiac Fibrosis-on-a-Chip Model Recapitulates Disease Hallmarks and Can Serve as a Platform for Drug Testing. Biomaterials 2020, 233, 119741. [Google Scholar] [CrossRef] [PubMed]

	



Koshy, S.T.; Desai, R.M.; Joly, P.; Li, J.; Bagrodia, R.K.; Lewin, S.A.; Joshi, N.S.; Mooney, D.J. Click-Crosslinked Injectable Gelatin Hydrogels. Adv. Healthc. Mater. 2016, 5, 541–547. [Google Scholar] [CrossRef] [PubMed]

	



Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, Properties, and Biomedical Applications of Gelatin Methacryloyl (GelMA) Hydrogels. Biomaterials 2015, 73, 254–271. [Google Scholar] [CrossRef] [PubMed]

	



Song, J.J.; Ott, H.C. Organ Engineering Based on Decellularized Matrix Scaffolds. Trends Mol. Med. 2011, 17, 424–432. [Google Scholar] [CrossRef] [PubMed]

	



Belviso, I.; Romano, V.; Sacco, A.M.; Ricci, G.; Massai, D.; Cammarota, M.; Catizone, A.; Schiraldi, C.; Nurzynska, D.; Terzini, M.; et al. Decellularized Human Dermal Matrix as a Biological Scaffold for Cardiac Repair and Regeneration. Front. Bioeng. Biotechnol. 2020, 8, 229. [Google Scholar] [CrossRef]

	



Pina, S.; Ribeiro, V.P.; Marques, C.F.; Maia, F.R.; Silva, T.H.; Reis, R.L.; Oliveira, J.M. Scaffolding Strategies for Tissue Engineering and Regenerative Medicine Applications. Materials 2019, 12, 1824. [Google Scholar] [CrossRef]

	



Montero, P.; Flandes, M.; Musquiz, S.; Araluce, M.P.; Plano, D.; Sanmartín, C.; Gavira, J.J.; Mazo, M.M.; Prosper, F. Cells, Materials and Fabrication Processes for Cardiac Tissue Engineering. Front. Bioeng. Biotechnol. 2020, 8, 955. [Google Scholar] [CrossRef] [PubMed]

	



Woodruff, M.A.; Hutmacher, D.W. The Return of a Forgotten Polymer-Polycaprolactone in the 21st Century. Prog. Polym. Sci. 2010, 35, 1217–1256. [Google Scholar] [CrossRef]

	



Montero-Calle, P.; Flandes-Iparraguirre, M.; Mountris, K.; de la Nava, A.S.; Laita, N.; Rosales, R.M.; Iglesias-García, O.; de-Juan-Pardo, E.M.; Atienza, F.; Fernández-Santos, M.E.; et al. Fabrication of Human Myocardium Using Multidimensional Modelling of Engineered Tissues. Biofabrication 2022, 14, 045017. [Google Scholar] [CrossRef] [PubMed]

	



Kharaziha, M.; Nikkhah, M.; Shin, S.R.; Annabi, N.; Masoumi, N.; Gaharwar, A.K.; Camci-Unal, G.; Khademhosseini, A. PGS:Gelatin Nanofibrous Scaffolds with Tunable Mechanical and Structural Properties for Engineering Cardiac Tissues. Biomaterials 2013, 34, 6355–6366. [Google Scholar] [CrossRef] [PubMed]

	



Ferraris, S.; Spriano, S.; Scalia, A.C.; Cochis, A.; Rimondini, L.; Cruz-Maya, I.; Guarino, V.; Varesano, A.; Vineis, C. Topographical and Biomechanical Guidance of Electrospun Fibers for Biomedical Applications. Polymers 2020, 12, 2896. [Google Scholar] [CrossRef]

	



Bas, O.; De-Juan-Pardo, E.M.; Chhaya, M.P.; Wunner, F.M.; Jeon, J.E.; Klein, T.J.; Hutmacher, D.W. Enhancing Structural Integrity of Hydrogels by Using Highly Organised Melt Electrospun Fibre Constructs. Eur. Polym. J. 2015, 72, 451–463. [Google Scholar] [CrossRef]

	



Shakiba, N.; Zandstra, P.W. Engineering Cell Fitness: Lessons for Regenerative Medicine. Curr. Opin. Biotechnol. 2017, 47, 7–15. [Google Scholar] [CrossRef]

	



Marrazzo, P.; O’leary, C. Repositioning Natural Antioxidants for Therapeutic Applications in Tissue Engineering. Bioengineering 2020, 7, 104. [Google Scholar] [CrossRef]

	



Gamna, F.; Yamaguchi, S.; Cochis, A.; Ferraris, S.; Kumar, A.; Rimondini, L.; Spriano, S. Conferring Antioxidant Activity to an Antibacterial and Bioactive Titanium Surface through the Grafting of a Natural Extract. Nanomaterials 2023, 13, 479. [Google Scholar] [CrossRef]

	



Bommakanti, V.; Banerjee, M.; Shah, D.; Manisha, K.; Sri, K.; Banerjee, S. An Overview of Synthesis, Characterization, Applications and Associated Adverse Effects of Bioactive Nanoparticles. Environ. Res. 2022, 214, 113919. [Google Scholar] [CrossRef]

	



Zhao, R.; Liang, H.; Clarke, E.; Jackson, C.; Xue, M. Inflammation in Chronic Wounds. Int. J. Mol. Sci. 2016, 17, 2085. [Google Scholar] [CrossRef] [PubMed]

	



Velnar, T.; Bailey, T.; Smrkolj, V. The Wound Healing Process: An Overview of the Cellular and Molecular Mechanisms. J. Int. Med. Res. 2009, 37, 1528–1542. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.M.; Xu, G.M.; Zhang, G.J.; Liu, J.R.; Wu, Y.M.; Gao, L.G.; Yang, Y.; Chang, Z.S.; Yao, C.W. Low-Temperature Plasma Promotes Fibroblast Proliferation in Wound Healing by ROS-Activated NF-ΚB Signaling Pathway. Curr. Med. Sci. 2018, 38, 107–114. [Google Scholar] [CrossRef] [PubMed]

	



Koo, M.A.; Hee Hong, S.; Hee Lee, M.; Kwon, B.J.; Mi Seon, G.; Sung Kim, M.; Kim, D.; Chang Nam, K.; Park, J.C. Effective Stacking and Transplantation of Stem Cell Sheets Using Exogenous ROS-Producing Film for Accelerated Wound Healing. Acta Biomater. 2019, 95, 418–426. [Google Scholar] [CrossRef] [PubMed]

	



Deng, L.; Du, C.; Song, P.; Chen, T.; Rui, S.; Armstrong, D.G.; Deng, W. The Role of Oxidative Stress and Antioxidants in Diabetic Wound Healing. Oxid. Med. Cell. Longev. 2021, 2021, 8852759. [Google Scholar] [CrossRef] [PubMed]

	



Malone-Povolny, M.J.; Maloney, S.E.; Schoenfisch, M.H. Nitric Oxide Therapy for Diabetic Wound Healing. Adv. Healthc. Mater. 2019, 8, 1801210. [Google Scholar] [CrossRef]

	



Zhu, Y.; Hoshi, R.; Chen, S.; Yi, J.; Duan, C.; Galiano, R.D.; Zhang, H.F.; Ameer, G.A. Sustained Release of Stromal Cell Derived Factor-1 from an Antioxidant Thermoresponsive Hydrogel Enhances Dermal Wound Healing in Diabetes. J. Control. Release 2016, 238, 114–122. [Google Scholar] [CrossRef]

	



Helary, C.; Abed, A.; Mosser, G.; Louedec, L.; Letourneur, D.; Coradin, T.; Giraud-Guille, M.M.; Meddahi-Pellé, A. Evaluation of Dense Collagen Matrices as Medicated Wound Dressing for the Treatment of Cutaneous Chronic Wounds. Biomater. Sci. 2015, 3, 373–382. [Google Scholar] [CrossRef]

	



Xu, Z.; Han, S.; Gu, Z.; Wu, J. Advances and Impact of Antioxidant Hydrogel in Chronic Wound Healing. Adv. Healthc. Mater. 2020, 9, 1–11. [Google Scholar] [CrossRef]

	



Gong, C.Y.; Wu, Q.J.; Wang, Y.J.; Zhang, D.D.; Luo, F.; Zhao, X.; Wei, Y.Q.; Qian, Z.Y. A Biodegradable Hydrogel System Containing Curcumin Encapsulated in Micelles for Cutaneous Wound Healing. Biomaterials 2013, 34, 6377–6387. [Google Scholar] [CrossRef]

	



Zhang, L.; Ma, Y.; Pan, X.; Chen, S.; Zhuang, H.; Wang, S. A Composite Hydrogel of Chitosan/Heparin/Poly (γ-Glutamic Acid) Loaded with Superoxide Dismutase for Wound Healing. Carbohydr. Polym. 2018, 180, 168–174. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Y.; Zhuang, H.; Hao, Y.; Zhang, L.; Yang, Q.; Liu, Y.; Qi, C.; Wang, S. Poly(N-Isopropyl-Acrylamide)/Poly(γ-Glutamic Acid) Thermo-Sensitive Hydrogels Loaded with Superoxide Dismutase for Wound Dressing Application. Int. J. Nanomed. 2020, 15, 1939–1950. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Hu, S.; Yin, J.J.; He, W.; Lu, W.; Ma, M.; Gu, N.; Zhang, Y. Prussian Blue Nanoparticles as Multienzyme Mimetics and Reactive Oxygen Species Scavengers. J. Am. Chem. Soc. 2016, 138, 5860–5865. [Google Scholar] [CrossRef] [PubMed]

	



Sahu, A.; Jeon, J.; Lee, M.S.; Yang, H.S.; Tae, G. Antioxidant and Anti-Inflammatory Activities of Prussian Blue Nanozyme Promotes Full-Thickness Skin Wound Healing. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 119, 111596. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, H.; Shi, Z.; Yue, K.; Huang, X.; Xu, Y.; Gao, C.; Yao, Z.; Zhang, Y.S.; Wang, J. Sprayable Hydrogel Dressing Accelerates Wound Healing with Combined Reactive Oxygen Species-Scavenging and Antibacterial Abilities. Acta Biomater. 2021, 124, 219–232. [Google Scholar] [CrossRef] [PubMed]

	



Sener, G.; Hilton, S.A.; Osmond, M.J.; Zgheib, C.; Newsom, J.P.; Dewberry, L.; Singh, S.; Sakthivel, T.S.; Seal, S.; Liechty, K.W.; et al. Injectable, Self-Healable Zwitterionic Cryogels with Sustained MicroRNA-Cerium Oxide Nanoparticle Release Promote Accelerated Wound Healing. Acta Biomater. 2020, 101, 262–272. [Google Scholar] [CrossRef]

	



Xu, L.; Wang, Y.Y.; Huang, J.; Chen, C.Y.; Wang, Z.X.; Xie, H. Silver Nanoparticles: Synthesis, Medical Applications and Biosafety. Theranostics 2020, 10, 8996–9031. [Google Scholar] [CrossRef]

	



Masood, N.; Ahmed, R.; Tariq, M.; Ahmed, Z.; Masoud, M.S.; Ali, I.; Asghar, R.; Andleeb, A.; Hasan, A. Silver Nanoparticle Impregnated Chitosan-PEG Hydrogel Enhances Wound Healing in Diabetes Induced Rabbits. Int. J. Pharm. 2019, 559, 23–36. [Google Scholar] [CrossRef]

	



Shariatinia, Z.; Jalali, A.M. Chitosan-Based Hydrogels: Preparation, Properties and Applications. Int. J. Biol. Macromol. 2018, 115, 194–220. [Google Scholar] [CrossRef]

	



Zmejkoski, D.Z.; Marković, Z.M.; Budimir, M.D.; Zdravković, N.M.; Trišić, D.D.; Bugárová, N.; Danko, M.; Kozyrovska, N.O.; Špitalský, Z.; Kleinová, A.; et al. Photoactive and Antioxidant Nanochitosan Dots/Biocellulose Hydrogels for Wound Healing Treatment. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 122, 111925. [Google Scholar] [CrossRef]

	



Jung, B.O.; Chung, S.J.; Lee, S.B. Preparation and Characterization of Eugenol-Grafted Chitosan Hydrogels and Their Antioxidant Activities. J. Appl. Polym. Sci. 2006, 99, 3500–3506. [Google Scholar] [CrossRef]

	



Zhao, X.; Wu, H.; Guo, B.; Dong, R.; Qiu, Y.; Ma, P.X. Antibacterial Anti-Oxidant Electroactive Injectable Hydrogel as Self-Healing Wound Dressing with Hemostasis and Adhesiveness for Cutaneous Wound Healing. Biomaterials 2017, 122, 34–47. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, X.; Zhang, J.; Cao, L.; Jiao, Q.; Zhou, J.; Yang, L.; Zhang, H.; Wei, Y. Antifouling Antioxidant Zwitterionic Dextran Hydrogels as Wound Dressing Materials with Excellent Healing Activities. ACS Appl. Mater. Interfaces 2021, 13, 7060–7069. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Wu, W.; Lei, Y.; Gaucher, C.; Pei, S.; Zhang, J.; Xia, X. Edaravone-Loaded Alginate-Based Nanocomposite Hydrogel Accelerated Chronic Wound Healing in Diabetic Mice. Mar. Drugs 2019, 17, 285. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, H.; Huang, J.; Li, Y.; Lv, X.; Zhou, H.; Wang, H.; Xu, Y.; Wang, C.; Wang, J.; Liu, Z. ROS-Scavenging Hydrogel to Promote Healing of Bacteria Infected Diabetic Wounds. Biomaterials 2020, 258, 120286. [Google Scholar] [CrossRef] [PubMed]

	



Maity, B.; Alam, S.; Samanta, S.; Prakash, R.G.; Govindaraju, T. Antioxidant Silk Fibroin Composite Hydrogel for Rapid Healing of Diabetic Wound. Macromol. Biosci. 2022, 22, e2200097. [Google Scholar] [CrossRef] [PubMed]

	



Oh, H.; Lee, J.S.; Sung, D.; Lim, J.M.; Choi, W. Il Potential Antioxidant and Wound Healing Effect of Nano-Liposol with High Loading Amount of Astaxanthin. Int. J. Nanomed. 2020, 15, 9231–9240. [Google Scholar] [CrossRef] [PubMed]

	



Lv, J.; Sharma, A.; Zhang, T.; Wu, Y.; Ding, X. Pharmacological Review on Asiatic Acid and Its Derivatives: A Potential Compound. SLAS Technol. 2018, 23, 111–127. [Google Scholar] [CrossRef]

	



Han, Y.; Jiang, Y.; Li, Y.; Wang, M.; Fan, T.; Liu, M.; Ke, Q.; Xu, H.; Yi, Z. An Aligned Porous Electrospun Fibrous Scaffold with Embedded Asiatic Acid for Accelerating Diabetic Wound Healing. J. Mater. Chem. B 2019, 7, 6125–6138. [Google Scholar] [CrossRef]

	



Singh, B.N.; Shankar, S.; Srivastava, R.K. Green Tea Catechin, Epigallocatechin-3-Gallate (EGCG): Mechanisms, Perspectives and Clinical Applications. Biochem. Pharmacol. 2011, 82, 1807–1821. [Google Scholar] [CrossRef]

	



Li, A.; Li, L.; Zhao, B.; Li, X.; Liang, W.; Lang, M.; Cheng, B.; Li, J. Antibacterial, Antioxidant and Anti-Inflammatory PLCL/Gelatin Nanofiber Membranes to Promote Wound Healing. Int. J. Biol. Macromol. 2022, 194, 914–923. [Google Scholar] [CrossRef] [PubMed]

	



Marasco, R.A. Economic Burden of Alzheimer Disease and Managed Care Considerations. Am. J. Manag. Care 2020, 26, S171–S183. [Google Scholar] [CrossRef]

	



Mattson, M.P. Pathways towards and Away from Alzheimer’s Disease. Nature 2004, 430, 631–639. [Google Scholar] [CrossRef] [PubMed]

	



Samii, A.; Nutt, J.G.; Ransom, B.R. Parkinson’s Disease. Lancet 2004, 363, 1783–1793. [Google Scholar] [CrossRef] [PubMed]

	



Giasson, B.I.; Forman, M.S.; Higuchi, M.; Golbe, L.I.; Graves, C.L.; Kotzbauer, P.T.; Trojanowski, J.Q.; Lee, V.M.Y. Initiation and Synergistic Fibrillization of Tau and Alpha-Synuctein. Science 2003, 300, 636–640. [Google Scholar] [CrossRef] [PubMed]

	



Hattori, N.; Mizuno, Y. Mitochondrial Dysfunction in Parkinson’s Disease. Exp. Neurobiol. 2015, 24, 406–411. [Google Scholar] [CrossRef]

	



Blesa, J.; Trigo-Damas, I.; Quiroga-Varela, A.; Jackson-Lewis, V.R. Oxidative Stress and Parkinson’s Disease. Front. Neuroanat. 2015, 9, 91. [Google Scholar] [CrossRef]

	



Aguilera, G.; Colín-González, A.L.; Rangel-López, E.; Chavarría, A.; Santamaría, A. Redox Signaling, Neuroinflammation, and Neurodegeneration. Antioxid. Redox Signal. 2018, 28, 1626–1651. [Google Scholar] [CrossRef]

	



Bello-Medina, P.C.; González-Franco, D.A.; Vargas-Rodríguez, I.; Díaz-Cintra, S. Oxidative Stress, the Immune Response, Synaptic Plasticity, and Cognition in Transgenic Models of Alzheimer Disease. Neurologia 2022, 37, 682–690. [Google Scholar] [CrossRef]

	



Zuo, L.; Motherwell, M.S. The Impact of Reactive Oxygen Species and Genetic Mitochondrial Mutations in Parkinson’s Disease. Gene 2013, 532, 18–23. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhou, T.; Ziegler, A.C.; Dimitrion, P.; Zuo, L. Oxidative Stress in Neurodegenerative Diseases: From Molecular Mechanisms to Clinical Applications. Oxid. Med. Cell. Longev. 2017, 2017, 2525967. [Google Scholar] [CrossRef]

	



Rzigalinski, B.A.; Carfagna, C.S.; Ehrich, M. Cerium Oxide Nanoparticles in Neuroprotection and Considerations for Efficacy and Safety. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2017, 9, e1444. [Google Scholar] [CrossRef] [PubMed]

	



Zand, Z.; Khaki, P.A.; Salihi, A.; Sharifi, M.; Nanakali, N.M.Q.; Alasady, A.A.B.; Aziz, F.M.; Shahpasand, K.; Hasan, A.; Falahati, M. Cerium Oxide NPs Mitigate the Amyloid Formation of α-Synuclein and Associated Cytotoxicity. Int. J. Nanomed. 2019, 14, 6989–7000. [Google Scholar] [CrossRef] [PubMed]

	



Siposova, K.; Huntosova, V.; Garcarova, I.; Shlapa, Y.; Timashkov, I.; Belous, A.; Musatov, A. Dual-Functional Antioxidant and Antiamyloid Cerium Oxide Nanoparticles Fabricated by Controlled Synthesis in Water-Alcohol Solutions. Biomedicines 2022, 10, 942. [Google Scholar] [CrossRef]

	



Ciofani, G.; Genchi, G.G.; Liakos, I.; Cappello, V.; Gemmi, M.; Athanassiou, A.; Mazzolai, B.; Mattoli, V. Effects of Cerium Oxide Nanoparticles on PC12 Neuronal-like Cells: Proliferation, Differentiation, and Dopamine Secretion. Pharm. Res. 2013, 30, 2133–2145. [Google Scholar] [CrossRef] [PubMed]

	



Guan, Y.; Li, M.; Dong, K.; Gao, N.; Ren, J.; Zheng, Y.; Qu, X. Ceria/POMs Hybrid Nanoparticles as a Mimicking Metallopeptidase for Treatment of Neurotoxicity of Amyloid-β Peptide. Biomaterials 2016, 98, 92–102. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, Z.; Li, X.; Wang, L.; Yin, M.; Wang, L.; Chen, N.; Fan, C.; Song, H. Dietary Iron Oxide Nanoparticles Delay Aging and Ameliorate Neurodegeneration in Drosophila. Adv. Mater. 2016, 28, 1387–1393. [Google Scholar] [CrossRef]

	



Ghaznavi, H.; Najafi, R.; Mehrzadi, S.; Hosseini, A.; Tekyemaroof, N.; Shakeri-Zadeh, A.; Rezayat, M.; Sharifi, A.M. Neuro-Protective Effects of Cerium and Yttrium Oxide Nanoparticles on High Glucose-Induced Oxidative Stress and Apoptosis in Undifferentiated PC12 Cells. Neurol. Res. 2015, 37, 624–632. [Google Scholar] [CrossRef]

	



Hosseini, A.; Mohammad Sharifi, A.; Abdollahi, M.; Najafi, R.; Baeeri, M.; Rayegan, S.; Cheshmehnour, J.; Hassani, S.; Bayrami, Z.; Safa, M. Cerium and Yttrium Oxide Nanoparticles Against Lead-Induced Oxidative Stress and Apoptosis in Rat Hippocampus. Biol. Trace Elem. Res. 2015, 164, 80–89. [Google Scholar] [CrossRef]

	



Li, C.; Zhao, Z.; Luo, Y.; Ning, T.; Liu, P.; Chen, Q.; Chu, Y.; Guo, Q.; Zhang, Y.; Zhou, W.; et al. Macrophage-Disguised Manganese Dioxide Nanoparticles for Neuroprotection by Reducing Oxidative Stress and Modulating Inflammatory Microenvironment in Acute Ischemic Stroke. Adv. Sci. 2021, 8, 2101526. [Google Scholar] [CrossRef]

	



Rodriguez-Losada, N.; Wendelbob, R.; Ocaña, M.C.; Casares, A.D.; Guzman de Villoría, R.; Aguirre Gomez, J.A.; Arraez, M.A.; Gonzalez-Alegre, P.; Medina, M.A.; Arenas, E.; et al. Graphene Oxide and Reduced Derivatives, as Powder or Film Scaffolds, Differentially Promote Dopaminergic Neuron Differentiation and Survival. Front. Neurosci. 2020, 14, 570409. [Google Scholar] [CrossRef] [PubMed]

	



Fabian, R.H.; Derry, P.J.; Rea, H.C.; Dalmeida, W.V.; Nilewski, L.G.; Sikkema, W.K.A.; Mandava, P.; Tsai, A.L.; Mendoza, K.; Berka, V.; et al. Efficacy of Novel Carbon Nanoparticle Antioxidant Therapy in a Severe Model of Reversible Middle Cerebral Artery Stroke in Acutely Hyperglycemic Rats. Front. Neurol. 2018, 9, 199. [Google Scholar] [CrossRef] [PubMed]

	



Menon, V.P.; Sudheer, A.R. Antioxidant and Anti-Inflammatory Properties of Curcumin. Adv. Exp. Med. Biol. 2007, 595, 105–125. [Google Scholar] [CrossRef] [PubMed]

	



Fan, S.; Zheng, Y.; Liu, X.; Fang, W.; Chena, X.; Liao, W.; Jing, X.; Lei, M.; Tao, E.; Ma, Q.; et al. Curcumin-Loaded PLGA-PEG Nanoparticles Conjugated with B6 Peptide for Potential Use in Alzheimer’s Disease. Drug Deliv. 2018, 25, 1044–1055. [Google Scholar] [CrossRef]

	



Tiwari, S.K.; Agarwal, S.; Seth, B.; Yadav, A.; Nair, S.; Bhatnagar, P.; Karmakar, M.; Kumari, M.; Chauhan, L.K.S.; Patel, D.K.; et al. Curcumin-Loaded Nanoparticles Potently Induce Adult Neurogenesis and Reverse Cognitive Deficits in Alzheimer’s Disease Model via Canonical Wnt/β-Catenin Pathway. ACS Nano 2014, 8, 76–103. [Google Scholar] [CrossRef] [PubMed]

	



Huo, X.; Zhang, Y.; Jin, X.; Li, Y.; Zhang, L. A Novel Synthesis of Selenium Nanoparticles Encapsulated PLGA Nanospheres with Curcumin Molecules for the Inhibition of Amyloid β Aggregation in Alzheimer’s Disease. J. Photochem. Photobiol. B 2019, 190, 98–102. [Google Scholar] [CrossRef]

	



Barbara, R.; Belletti, D.; Pederzoli, F.; Masoni, M.; Keller, J.; Ballestrazzi, A.; Vandelli, M.A.; Tosi, G.; Grabrucker, A.M. Novel Curcumin Loaded Nanoparticles Engineered for Blood-Brain Barrier Crossing and Able to Disrupt Abeta Aggregates. Int. J. Pharm. 2017, 526, 413–424. [Google Scholar] [CrossRef]

	



Iemolo, A.; Moein Moghimi, S.; Decuzzi, P.; Ameruoso, A.; Palomba, R.; Lisa Palange, A.; Cervadoro, A.; Lee, A.; Di Mascolo, D. Ameliorating Amyloid-β Fibrils Triggered Inflammation via Curcumin-Loaded Polymeric Nanoconstructs. Front. Immunol. 2017, 8, 31. [Google Scholar] [CrossRef]

	



Huang, N.; Lu, S.; Liu, X.G.; Zhu, J.; Wang, Y.J.; Liu, R.T. PLGA Nanoparticles Modified with a BBB-Penetrating Peptide Co-Delivering Aβ Generation Inhibitor and Curcumin Attenuate Memory Deficits and Neuropathology in Alzheimer’s Disease Mice. Oncotarget 2017, 8, 81001–81013. [Google Scholar] [CrossRef]

	



Maiti, P.; Paladugu, L.; Dunbar, G.L. Solid Lipid Curcumin Particles Provide Greater Anti-Amyloid, Anti-Inflammatory and Neuroprotective Effects than Curcumin in the 5xFAD Mouse Model of Alzheimer’s Disease BMC Neuroscience. BMC Neurosci. 2018, 19, 7. [Google Scholar] [CrossRef]

	



Campisi, A.; Sposito, G.; Pellitteri, R.; Santonocito, D.; Bisicchia, J.; Raciti, G.; Russo, C.; Nardiello, P.; Pignatello, R.; Casamenti, F.; et al. Effect of Unloaded and Curcumin-Loaded Solid Lipid Nanoparticles on Tissue Transglutaminase Isoforms Expression Levels in an Experimental Model of Alzheimer’s Disease. Antioxidants 2022, 11, 1863. [Google Scholar] [CrossRef] [PubMed]

	



Zarei, M.; Esmaeili, A.; Zarrabi, A.; Zarepour, A. Superparamagnetic Iron Oxide Nanoparticles and Curcumin Equally Promote Neuronal Branching Morphogenesis in the Absence of Nerve Growth Factor in PC12 Cells. Pharmaceutics 2022, 14, 2692. [Google Scholar] [CrossRef] [PubMed]

	



Palmal, S.; Maity, A.R.; Singh, B.K.; Basu, S.; Jana, N.R.; Jana, N.R. Inhibition of Amyloid Fibril Growth and Dissolution of Amyloid Fibrils by Curcumin-Gold Nanoparticles. Chemistry 2014, 20, 6184–6191. [Google Scholar] [CrossRef] [PubMed]

	



Sadowska-Bartosz, I.; Bartosz, G. Redox Nanoparticles: Synthesis, Properties and Perspectives of Use for Treatment of Neurodegenerative Diseases. J. Nanobiotechnol. 2018, 16, 87. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Wang, N.; Zheng, G.; Yang, L. Oral Administration of Resveratrol-Selenium-Peptide Nanocomposites Alleviates Alzheimer’s Disease-like Pathogenesis by Inhibiting Aβ Aggregation and Regulating Gut Microbiota. ACS Appl. Mater. Interfaces 2021, 13, 46406–46420. [Google Scholar] [CrossRef]

	



Abozaid, O.A.R.; Sallam, M.W.; El-Sonbaty, S.; Aziza, S.; Emad, B.; Ahmed, E.S.A. Resveratrol-Selenium Nanoparticles Alleviate Neuroinflammation and Neurotoxicity in a Rat Model of Alzheimer’s Disease by Regulating Sirt1/MiRNA-134/GSK3β Expression. Biol. Trace Elem. Res. 2022, 200, 5104–5114. [Google Scholar] [CrossRef]

	



Loureiro, J.A.; Andrade, S.; Duarte, A.; Neves, A.R.; Queiroz, J.F.; Nunes, C.; Sevin, E.; Fenart, L.; Gosselet, F.; Coelho, M.A.N.; et al. Resveratrol and Grape Extract-Loaded Solid Lipid Nanoparticles for the Treatment of Alzheimer’s Disease. Molecules 2017, 22, 277. [Google Scholar] [CrossRef]

	



Pangeni, R.; Sharma, S.; Mustafa, G.; Ali, J.; Baboota, S. Vitamin E Loaded Resveratrol Nanoemulsion for Brain Targeting for the Treatment of Parkinson’s Disease by Reducing Oxidative Stress. Nanotechnology 2014, 25, 485102. [Google Scholar] [CrossRef]

	



Cano, A.; Ettcheto, M.; Espina, M.; Auladell, C.; Folch, J.; Kühne, B.A.; Barenys, M.; Sánchez-López, E.; Souto, E.B.; García, M.L.; et al. Epigallocatechin-3-Gallate PEGylated Poly(Lactic-Co-Glycolic) Acid Nanoparticles Mitigate Striatal Pathology and Motor Deficits in 3-Nitropropionic Acid Intoxicated Mice. Nanomedicine 2021, 16, 19–35. [Google Scholar] [CrossRef]

	



Smith, A.; Giunta, B.; Bickford, P.C.; Fountain, M.; Tan, J.; Shytle, R.D. Nanolipidic Particles Improve the Bioavailability and Alpha-Secretase Inducing Ability of Epigallocatechin-3-Gallate (EGCG) for the Treatment of Alzheimer’s Disease. Int. J. Pharm. 2010, 389, 207–212. [Google Scholar] [CrossRef]

	



Vishwas, S.; Kumar, R.; Khursheed, R.; Ramanunny, A.K.; Kumar, R.; Awasthi, A.; Corrie, L.; Porwal, O.; Arshad, M.F.; Alshammari, M.K.; et al. Expanding Arsenal against Neurodegenerative Diseases Using Quercetin Based Nanoformulations: Breakthroughs and Bottlenecks. Curr. Neuropharmacol. 2022, 20, 1558–1574. [Google Scholar] [CrossRef] [PubMed]

	



Picone, P.; Bondi, M.L.; Montana, G.; Bruno, A.; Pitarresi, G.; Giammona, G.; Di Carlo, M. Ferulic Acid Inhibits Oxidative Stress and Cell Death Induced by Ab Oligomers: Improved Delivery by Solid Lipid Nanoparticles. Free Radic. Res. 2009, 43, 1133–1145. [Google Scholar] [CrossRef]

	



Aalinkeel, R.; Kutscher, H.L.; Singh, A.; Cwiklinski, K.; Khechen, N.; Schwartz, S.A.; Prasad, P.N.; Mahajan, S.D. Neuroprotective Effects of a Biodegradable Poly(Lactic-Co-Glycolic Acid)-Ginsenoside Rg3 Nanoformulation: A Potential Nanotherapy for Alzheimer’s Disease? J. Drug Target. 2018, 26, 182–193. [Google Scholar] [CrossRef] [PubMed]

	



Soudi, S.A.; Nounou, M.I.; Sheweita, S.A.; Ghareeb, D.A.; Younis, L.K.; El-Khordagui, L.K. Protective Effect of Surface-Modified Berberine Nanoparticles against LPS-Induced Neurodegenerative Changes: A Preclinical Study. Drug Deliv. Transl. Res. 2019, 9, 906–919. [Google Scholar] [CrossRef] [PubMed]

	



Sikorska, M.; Lanthier, P.; Miller, H.; Beyers, M.; Sodja, C.; Zurakowski, B.; Gangaraju, S.; Pandey, S.; Sandhu, J.K. Nanomicellar Formulation of Coenzyme Q10 (Ubisol-Q10) Effectively Blocks Ongoing Neurodegeneration in the Mouse 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Model: Potential Use as an Adjuvant Treatment in Parkinson’s Disease. Neurobiol. Aging 2014, 35, 2329–2346. [Google Scholar] [CrossRef] [PubMed]

	



Tsao, C.W.; Aday, A.W.; Almarzooq, Z.I.; Alonso, A.; Beaton, A.Z.; Bittencourt, M.S.; Boehme, A.K.; Buxton, A.E.; Carson, A.P.; Commodore-Mensah, Y.; et al. Heart Disease and Stroke Statistics-2022 Update: A Report From the American Heart Association. Circulation 2022, 145, E153–E639. [Google Scholar] [CrossRef] [PubMed]

	



Steven, S.; Frenis, K.; Oelze, M.; Kalinovic, S.; Kuntic, M.; Jimenez, M.T.B.; Vujacic-Mirski, K.; Helmstädter, J.; Kröller-Schön, S.; Münzel, T.; et al. Vascular Inflammation and Oxidative Stress: Major Triggers for Cardiovascular Disease. Oxid Med Cell Longev 2019, 2019, 7092151. [Google Scholar] [CrossRef] [PubMed]

	



Tsutsui, H.; Kinugawa, S.; Matsushima, S. Oxidative Stress and Heart Failure. Am. J. Physiol. Heart Circ. Physiol. 2011, 301, 2181–2190. [Google Scholar] [CrossRef]

	



Aimo, A.; Castiglione, V.; Borrelli, C.; Saccaro, L.F.; Franzini, M.; Masi, S.; Emdin, M.; Giannoni, A. Oxidative Stress and Inflammation in the Evolution of Heart Failure: From Pathophysiology to Therapeutic Strategies. Eur. J. Prev. Cardiol. 2020, 27, 494–510. [Google Scholar] [CrossRef]

	



Bae, S.; Park, M.; Kang, C.; Dilmen, S.; Kang, T.H.; Kang, D.G.; Ke, Q.; Lee, S.U.; Lee, D.; Kang, P.M. Hydrogen Peroxide-Responsive Nanoparticle Reduces Myocardial Ischemia/Reperfusion Injury. J. Am. Heart Assoc. 2016, 5, e003697. [Google Scholar] [CrossRef]

	



Li, L.; Wang, Y.; Guo, R.; Li, S.; Ni, J.; Gao, S.; Gao, X.; Mao, J.; Zhu, Y.; Wu, P.; et al. Ginsenoside Rg3-Loaded, Reactive Oxygen Species-Responsive Polymeric Nanoparticles for Alleviating Myocardial Ischemia-Reperfusion Injury. J. Control. Release 2020, 317, 259–272. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Wang, J.; Pan, J. Drug Delivery Baicalin-Loaded PEGylated Lipid Nanoparticles: Characterization, Pharmacokinetics, and Protective Effects on Acute Myocardial Ischemia in Rats Baicalin-Loaded PEGylated Lipid Nanoparticles: Characterization, Pharmacokinetics, and Protective Effects on Acute Myocardial Ischemia in Rats. Drug Deliv. 2016, 23, 3696–3703. [Google Scholar] [CrossRef] [PubMed]

	



Shao, M.; Yang, W.; Han, G. Protective Effects on Myocardial Infarction Model: Delivery of Schisandrin B Using Matrix Metalloproteinase-Sensitive Peptide-Modified, Pegylated Lipid Nanoparticles. Int. J. Nanomed. 2017, 12, 7121. [Google Scholar] [CrossRef]

	



Zhang, Y.; Qian, P.; Zhou, H.; Shen, R.; Hu, B.; Shen, Y.; Zhang, X.; Shen, X.; Xu, G.; Jin, L. Pharmacological Signatures of the Exenatide Nanoparticles Complex Against Myocardial Ischemia Reperfusion Injury. Kidney Blood Press. Res. 2018, 43, 1273–1284. [Google Scholar] [CrossRef] [PubMed]

	



Lozano, O.; Lázaro-Alfaro, A.; Silva-Platas, C.; Oropeza-Almazán, Y.; Torres-Quintanilla, A.; Bernal-Ramírez, J.; Alves-Figueiredo, H.; García-Rivas, G. Nanoencapsulated Quercetin Improves Cardioprotection during Hypoxia-Reoxygenation Injury through Preservation of Mitochondrial Function. Oxid. Med. Cell. Longev. 2019, 2019, 7683051. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Y.; Liu, D.Z.; Zhang, C.X.; Cui, H.; Liu, M.; Zhang, B.L.; Mei, Q.B.; Lu, Z.F.; Zhou, S.Y. Mitochondria-Targeted Antioxidant Delivery for Precise Treatment of Myocardial Ischemia–Reperfusion Injury through a Multistage Continuous Targeted Strategy. Nanomedicine 2019, 16, 236–249. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Hu, Y.; Mishra, A.; Sreeharsha, N.; Moktan, J.B.; Kumar, P.; Wang, L. Protective Role of Poly(Lactic-Co-Glycolic) Acid Nanoparticle Loaded with Resveratrol against Isoproterenol-Induced Myocardial Infarction. Biofactors 2020, 46, 421–431. [Google Scholar] [CrossRef] [PubMed]

	



Tokutome, M.; Matoba, T.; Nakano, Y.; Okahara, A.; Fujiwara, M.; Koga, J.I.; Nakano, K.; Tsutsui, H.; Egashira, K. Peroxisome Proliferator-Activated Receptor-Gamma Targeting Nanomedicine Promotes Cardiac Healing after Acute Myocardial Infarction by Skewing Monocyte/Macrophage Polarization in Preclinical Animal Models. Cardiovasc. Res. 2019, 115, 419–431. [Google Scholar] [CrossRef]

	



Nakano, Y.; Matoba, T.; Tokutome, M.; Funamoto, D.; Katsuki, S.; Ikeda, G.; Nagaoka, K.; Ishikita, A.; Nakano, K.; Koga, J.-I.; et al. Nanoparticle-Mediated Delivery of Irbesartan Induces Cardioprotection from Myocardial Ischemia-Reperfusion Injury by Antagonizing Monocyte-Mediated Inflammation. Sci. Rep. 2016, 6, 29601. [Google Scholar] [CrossRef]

	



Ishikita, A.; Matoba, T.; Ikeda, G.; Koga, J.I.; Mao, Y.; Nakano, K.; Takeuchi, O.; Sadoshima, J.; Egashira, K. Nanoparticle-Mediated Delivery of Mitochondrial Division Inhibitor 1 to the Myocardium Protects the Heart From Ischemia-Reperfusion Injury Through Inhibition of Mitochondria Outer Membrane Permeabilization: A New Therapeutic Modality for Acute Myocardial Infarction. J. Am. Heart Assoc. 2016, 5, e003872. [Google Scholar] [CrossRef]

	



Arenas-Jal, M.; Suñé-Negre, J.M.; García-Montoya, E. Coenzyme Q10 Supplementation: Efficacy, Safety, and Formulation Challenges. Compr. Rev. Food Sci. Food Saf. 2020, 19, 574–594. [Google Scholar] [CrossRef]

	



Simoń-Yarza, T.; Tamayo, E.; Benavides, C.; Lana, H.; Formiga, F.R.; Grama, C.N.; Ortiz-de-Solorzano, C.; Ravi Kumar, M.N.V.; Prosper, F.; Blanco-Prieto, M.J. Functional Benefits of PLGA Particulates Carrying VEGF and CoQ10 in an Animal of Myocardial Ischemia. Int. J. Pharm. 2013, 454, 784–790. [Google Scholar] [CrossRef]

	



Verma, D.D.; Hartner, W.C.; Thakkar, V.; Levchenko, T.S.; Torchilin, V.P. Protective Effect of Coenzyme Q10-Loaded Liposomes on the Myocardium in Rabbits with an Acute Experimental Myocardial Infarction. Pharm. Res. 2007, 24, 2131–2137. [Google Scholar] [CrossRef] [PubMed]

	



Viola, H.M.; Arthur, P.G.; Hool, L.C. Transient Exposure to Hydrogen Peroxide Causes an Increase in Mitochondria-Derived Superoxide as a Result of Sustained Alteration in L-Type Ca2+ Channel Function in the Absence of Apoptosis in Ventricular Myocytes. Circ. Res. 2007, 100, 1036–1044. [Google Scholar] [CrossRef] [PubMed]

	



Hardy, N.; Viola, H.M.; Johnstone, V.P.A.; Clemons, T.D.; Cserne Szappanos, H.; Singh, R.; Smith, N.M.; Iyer, K.S.; Hool, L.C. Nanoparticle-Mediated Dual Delivery of an Antioxidant and a Peptide against the L-Type Ca2+ Channel Enables Simultaneous Reduction of Cardiac Ischemia-Reperfusion Injury. ACS Nano 2015, 9, 279–289. [Google Scholar] [CrossRef]

	



Kim, C.K.; Kim, T.; Choi, I.Y.; Soh, M.; Kim, D.; Kim, Y.J.; Jang, H.; Yang, H.S.; Kim, J.Y.; Park, H.K.; et al. Ceria Nanoparticles That Can Protect against Ischemic Stroke. Angew. Chem. Int. Ed. Engl. 2012, 51, 11039–11043. [Google Scholar] [CrossRef] [PubMed]

	



Pagliari, F.; Mandoli, C.; Forte, G.; Magnani, E.; Pagliari, S.; Nardone, G.; Licoccia, S.; Minieri, M.; Di Nardo, P.; Traversa, E. Cerium Oxide Nanoparticles Protect Cardiac Progenitor Cells from Oxidative Stress. ACS Nano 2012, 6, 3767–3775. [Google Scholar] [CrossRef] [PubMed]

	



Sanna, V.; Pala, N.; DessÌ, G.; Manconi, P.; Mariani, A.; Dedola, S.; Rassu, M.; Crosio, C.; Iaccarino, C.; Sechi, M. Single-Step Green Synthesis and Characterization of Gold-Conjugated Polyphenol Nanoparticles with Antioxidant and Biological Activities. Int. J. Nanomed. 2014, 9, 4935–4951. [Google Scholar] [CrossRef]

	



Babu, B.; Palanisamy, S.; Vinosha, M.; Anjali, R.; Kumar, P.; Pandi, B.; Tabarsa, M.; You, S.G.; Prabhu, N.M. Bioengineered Gold Nanoparticles from Marine Seaweed Acanthophora Spicifera for Pharmaceutical Uses: Antioxidant, Antibacterial, and Anticancer Activities. Bioprocess Biosyst. Eng. 2020, 43, 2231–2242. [Google Scholar] [CrossRef]

	



Tartuce, L.P.; Pacheco Brandt, F.; dos Santos Pedroso, G.; Rezende Farias, H.; Barros Fernandes, B.; da Costa Pereira, B.; Gonçalves Machado, A.; Feuser, P.E.; Lock Silveira, P.C.; Tiscoski Nesi, R.; et al. 2-Methoxy-Isobutyl-Isonitrile-Conjugated Gold Nanoparticles Improves Redox and Inflammatory Profile in Infarcted Rats. Colloids Surf. B Biointerfaces 2020, 192, 111012. [Google Scholar] [CrossRef]

	



Jarrar, Q.; Al-Doaiss, A.; Jarrar, B.M.; Alshehri, M. On the Toxicity of Gold Nanoparticles: Histological, Histochemical and Ultrastructural Alterations. Toxicol. Ind. Health 2022, 38, 789–800. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Ding, J.; Wang, Z.; Zhang, H.; Xie, J.; Wang, Y.; Hong, L.; Mao, Z.; Gao, J.; Gao, C. ROS-Responsive Polyurethane Fibrous Patches Loaded with Methylprednisolone (MP) for Restoring Structures and Functions of Infarcted Myocardium in Vivo. Biomaterials 2020, 232, 119726. [Google Scholar] [CrossRef] [PubMed]

	



Lundberg, J.O.; Weitzberg, E.; Gladwin, M.T. The Nitrate-Nitrite-Nitric Oxide Pathway in Physiology and Therapeutics. Nat. Rev. Drug Discov. 2008, 7, 156–167. [Google Scholar] [CrossRef] [PubMed]

	



Hao, T.; Qian, M.; Zhang, Y.; Liu, Q.; Midgley, A.C.; Liu, Y.; Che, Y.; Hou, J.; Zhao, Q. An Injectable Dual-Function Hydrogel Protects Against Myocardial Ischemia/Reperfusion Injury by Modulating ROS/NO Disequilibrium. Adv. Sci. 2022, 9, e2105408. [Google Scholar] [CrossRef] [PubMed]

	



Vong, L.B.; Bui, T.Q.; Tomita, T.; Sakamoto, H.; Hiramatsu, Y.; Nagasaki, Y. Novel Angiogenesis Therapeutics by Redox Injectable Hydrogel-Regulation of Local Nitric Oxide Generation for Effective Cardiovascular Therapy. Biomaterials 2018, 167, 143–152. [Google Scholar] [CrossRef] [PubMed]

	



Zuluaga, M.; Gregnanin, G.; Cencetti, C.; Di Meo, C.; Gueguen, V.; Letourneur, D.; Meddahi-Pellé, A.; Pavon-Djavid, G.; Matricardi, P. PVA/Dextran Hydrogel Patches as Delivery System of Antioxidant Astaxanthin: A Cardiovascular Approach. Biomed. Mater. 2017, 13, 015020. [Google Scholar] [CrossRef]

	



Qu, Y.; Tang, J.; Liu, L.; Song, L.L.; Chen, S.; Gao, Y. α-Tocopherol Liposome Loaded Chitosan Hydrogel to Suppress Oxidative Stress Injury in Cardiomyocytes. Int. J. Biol. Macromol. 2019, 125, 1192–1202. [Google Scholar] [CrossRef]

	



Li, J.; Shu, Y.; Hao, T.; Wang, Y.; Qian, Y.; Duan, C.; Sun, H.; Lin, Q.; Wang, C. A Chitosan-Glutathione Based Injectable Hydrogel for Suppression of Oxidative Stress Damage in Cardiomyocytes. Biomaterials 2013, 34, 9071–9081. [Google Scholar] [CrossRef]

	



Guo, Y.; Qu, Y.; Yu, J.; Song, L.; Chen, S.; Qin, Z.; Gong, J.; Zhan, H.; Gao, Y.; Zhang, J. A Chitosan-Vitamin C Based Injectable Hydrogel Improves Cell Survival under Oxidative Stress. Int. J. Biol. Macromol. 2022, 202, 102–111. [Google Scholar] [CrossRef]

	



Cheng, Y.H.; Lin, F.H.; Wang, C.Y.; Hsiao, C.Y.; Chen, H.C.; Kuo, H.Y.; Tsai, T.F.; Chiou, S.H. Recovery of Oxidative Stress-Induced Damage in Cisd2-Deficient Cardiomyocytes by Sustained Release of Ferulic Acid from Injectable Hydrogel. Biomaterials 2016, 103, 207–218. [Google Scholar] [CrossRef]

	



Hu, C.; Liu, W.; Long, L.; Wang, Z.; Zhang, W.; He, S.; Lu, L.; Fan, H.; Yang, L.; Wang, Y. Regeneration of Infarcted Hearts by Myocardial Infarction-Responsive Injectable Hydrogels with Combined Anti-Apoptosis, Anti-Inflammatory and pro-Angiogenesis Properties. Biomaterials 2022, 290, 121849. [Google Scholar] [CrossRef]

	



Hao, T.; Li, J.; Yao, F.; Dong, D.; Wang, Y.; Yang, B.; Wang, C. Injectable Fullerenol/Alginate Hydrogel for Suppression of Oxidative Stress Damage in Brown Adipose-Derived Stem Cells and Cardiac Repair. ACS Nano 2017, 11, 5474–5488. [Google Scholar] [CrossRef] [PubMed]

	



Spaulding, K.A.; Zhu, Y.; Takaba, K.; Ramasubramanian, A.; Badathala, A.; Haraldsson, H.; Collins, A.; Aguayo, E.; Shah, C.; Wallace, A.W.; et al. Myocardial Injection of a Thermoresponsive Hydrogel with Reactive Oxygen Species Scavenger Properties Improves Border Zone Contractility. J. Biomed. Mater. Res. A 2020, 108, 1736–1746. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.; Zhu, C.; Li, Y.; Li, Z.; Zhang, Z.; Xu, J.; Chen, M.; Li, R.; Liu, S.; Wu, Y.; et al. Injectable Selenium-Containing Polymeric Hydrogel Formulation for Effective Treatment of Myocardial Infarction. Front. Bioeng. Biotechnol. 2022, 10, 912562. [Google Scholar] [CrossRef] [PubMed]

	



Song, N.; Scholtemeijer, M.; Shah, K. Mesenchymal Stem Cell Immunomodulation: Mechanisms and Therapeutic Potential. Trends Pharmacol. Sci. 2020, 41, 653–664. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Y.H.; Cheng, S.J.; Chen, H.H.; Hsu, W.C. Development of Injectable Graphene Oxide/Laponite/Gelatin Hydrogel Containing Wharton’s Jelly Mesenchymal Stem Cells for Treatment of Oxidative Stress-Damaged Cardiomyocytes. Colloids Surf. B Biointerfaces 2022, 209, 112150. [Google Scholar] [CrossRef] [PubMed]

	



Wu, T.; Zhang, X.; Liu, Y.; Cui, C.; Sun, Y.; Liu, W. Wet Adhesive Hydrogel Cardiac Patch Loaded with Anti-Oxidative, Autophagy-Regulating Molecule Capsules and MSCs for Restoring Infarcted Myocardium. Bioact. Mater. 2022, 21, 20–31. [Google Scholar] [CrossRef] [PubMed]

	



Janjic, M.; Pappa, F.; Karagkiozaki, V.; Gitas, C.; Ktenidis, K.; Logothetidis, S. Surface Modification of Endovascular Stents with Rosuvastatin and Heparin-Loaded Biodegradable Nanofibers by Electrospinning. Int. J. Nanomed. 2017, 12, 6343–6355. [Google Scholar] [CrossRef]

	



Wang, R.; Lu, J.; Yin, J.; Chen, H.; Liu, H.; Xu, F.; Zang, T.; Xu, R.; Li, C.; Wu, Y.; et al. A TEMPOL and Rapamycin Loaded Nanofiber-Covered Stent Favors Endothelialization and Mitigates Neointimal Hyperplasia and Local Inflammation. Bioact. Mater. 2023, 19, 666–677. [Google Scholar] [CrossRef]

	



Ghafoor, B.; Ali, N.; Riaz, Z. Synthesis and Appraisal of Natural Drug-Polymer-Based Matrices Relevant to the Application of Drug-Eluting Coronary Stent Coatings. Cardiol. Res. Pr. 2020, 2020, 4073091. [Google Scholar] [CrossRef]

	



Wang, K.; Shang, T.; Zhang, L.; Zhou, L.; Liu, C.; Fu, Y.; Zhao, Y.; Li, X.; Wang, J. Application of a Reactive Oxygen Species-Responsive Drug-Eluting Coating for Surface Modification of Vascular Stents. ACS Appl. Mater. Interfaces 2021, 13, 35443. [Google Scholar] [CrossRef] [PubMed]

	



Hua, J.; Yang, H.; Wang, B.; Dai, Y.; Li, X.; Yan, K.; You, R.; Ma, L. Silk Fibroin/Chitosan Coating with Tunable Catalytic Nitric Oxide Generation for Surface Functionalization of Cardiovascular Stents. Int. J. Biol. Macromol. 2023, 228, 261–272. [Google Scholar] [CrossRef] [PubMed]

	



Ooi, B.K.; Goh, B.H.; Yap, W.H. Oxidative Stress in Cardiovascular Diseases: Involvement of Nrf2 Antioxidant Redox Signaling in Macrophage Foam Cells Formation. Int. J. Mol. Sci. 2017, 18, 2336. [Google Scholar] [CrossRef] [PubMed]

	



Kattoor, A.J.; Venkata, N.; Pothineni, K.; Palagiri, D.; Mehta, J.L. Oxidative Stress in Atherosclerosis. Genet. Genom. 2017, 19, 42. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Yang, S. Targeting Oxidative Stress for the Treatment of Ischemic Stroke: Upstream and Downstream Therapeutic Strategies. Brain Circ. 2016, 2, 153. [Google Scholar] [CrossRef] [PubMed]

	



Orellana-Urzúa, S.; Rojas, I.; Líbano, L.; Rodrigo, R. Pathophysiology of Ischemic Stroke: Role of Oxidative Stress. Curr. Pharm. Des. 2020, 26, 4246–4260. [Google Scholar] [CrossRef] [PubMed]

	



Uttara, B.; Singh, A.; Zamboni, P.; Mahajan, R. Oxidative Stress and Neurodegenerative Diseases: A Review of Upstream and Downstream Antioxidant Therapeutic Options. Curr. Neuropharmacol. 2009, 7, 65–74. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Nie, S.; Zu, Y.; Abbasi, M.; Cao, J.; Li, C.; Wu, D.; Labib, S.; Brackee, G.; Shen, C.L.; et al. Anti-Atherogenic Effects of CD36-Targeted Epigallocatechin Gallate-Loaded Nanoparticles. J. Control. Release 2019, 303, 263–273. [Google Scholar] [CrossRef]

	



Zhang, J.; Nie, S.; Wang, S. Nanoencapsulation Enhances Epigallocatechin-3-Gallate Stability and Its Antiatherogenic Bioactivities in Macrophages. J. Agric. Food Chem. 2013, 61, 9200–9209. [Google Scholar] [CrossRef]

	



Pillai, S.C.; Borah, A.; Le, M.N.T.; Kawano, H.; Hasegawa, K.; Sakthi Kumar, D. Co-Delivery of Curcumin and Bioperine via Plga Nanoparticles to Prevent Atherosclerotic Foam Cell Formation. Pharmaceutics 2021, 13, 1420. [Google Scholar] [CrossRef]

	



Li, X.; Xiao, H.; Lin, C.; Sun, W.; Wu, T.; Wang, J.; Chen, B.; Chen, X.; Cheng, D. Synergistic Effects of Liposomes Encapsulating Atorvastatin Calcium and Curcumin and Targeting Dysfunctional Endothelial Cells in Reducing Atherosclerosis. Int. J. Nanomed. 2019, 14, 649–665. [Google Scholar] [CrossRef] [PubMed]

	



Om, H.; El-Naggar, M.E.; El-Banna, M.; Fouda, M.M.G.; Othman, S.I.; Allam, A.A.; Morsy, O.M. Combating Atherosclerosis with Targeted Diosmin Nanoparticles-Treated Experimental Diabetes. Investig. New Drugs 2020, 38, 1303–1315. [Google Scholar] [CrossRef]

	



Xiao, J.; Li, N.; Xiao, S.; Wu, Y.; Liu, H. Comparison of Selenium Nanoparticles and Sodium Selenite on the Alleviation of Early Atherosclerosis by Inhibiting Endothelial Dysfunction and Inflammation in Apolipoprotein E-Deficient Mice. Int. J. Mol. Sci. 2021, 22, 11612. [Google Scholar] [CrossRef]

	



Obidah Abert, H.; Umaru Aduwamai, H.; Shehu Adamu, S. Effect of Green Synthesized Iron Oxide Nanoparticles Using Spinach Extract on Triton X-100-Induced Atherosclerosis in Rats. Biochem. Res. Int. 2022, 2022, 9311227. [Google Scholar] [CrossRef]

	



Liu, M.; Zhang, Y.; Ma, X.; Zhang, B.; Huang, Y.; Zhao, J.; Wang, S.; Li, Y.; Zhu, Y.; Xiong, J.; et al. Synthesis and Characterization of Fucoidan-Chitosan Nanoparticles Targeting P-Selectin for Effective Atherosclerosis Therapy. Oxid. Med. Cell. Longev. 2022, 2022, 8006642. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Li, L.; Zhao, W.; Dou, Y.; An, H.; Tao, H.; Xu, X.; Jia, Y.; Lu, S.; Zhang, J.; et al. Targeted Therapy of Atherosclerosis by a Broad-Spectrum Reactive Oxygen Species Scavenging Nanoparticle with Intrinsic Anti-Inflammatory Activity. ACS Nano 2018, 12, 8943–8960. [Google Scholar] [CrossRef] [PubMed]

	



Cymet, T.C.; Wood, B.; Orbach, N. Osteoporosis. J. Am. Osteopath Assoc. 2000, 100 Pt 1, S9–S15. [Google Scholar] [PubMed]

	



Clynes, M.A.; Harvey, N.C.; Curtis, E.M.; Fuggle, N.R.; Dennison, E.M.; Cooper, C. The Epidemiology of Osteoporosis. Br. Med. Bull. 2020, 133, 105–117. [Google Scholar] [CrossRef]

	



Feng, X.; McDonald, J.M. Disorders of Bone Remodeling. Annu. Rev. Pathol. 2011, 6, 121–145. [Google Scholar] [CrossRef]

	



Hadjidakis, D.J.; Androulakis, I.I. Bone Remodeling. Ann. N. Y. Acad. Sci. 2006, 1092, 385–396. [Google Scholar] [CrossRef] [PubMed]

	



Eriksen, E.F. Cellular Mechanisms of Bone Remodeling. Rev. Endocr. Metab. Disord. 2010, 11, 219–227. [Google Scholar] [CrossRef]

	



Prasad, G.; Dhillon, M.S.; Khullar, M.; Nagi, O.N. Evaluation of Oxidative Stress after Fractures. A Preliminary Study. Acta Orthop. Belg. 2003, 69, 546–551. [Google Scholar] [PubMed]

	



Lee, D.H.; Lim, B.S.; Lee, Y.K.; Yang, H.C. Effects of Hydrogen Peroxide (H2O2) on Alkaline Phosphatase Activity and Matrix Mineralization of Odontoblast and Osteoblast Cell Lines. Cell Biol. Toxicol. 2006, 22, 39–46. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, M.; Han, L.; Martin-Millan, M.; Plotkin, L.I.; Stewart, S.A.; Roberson, P.K.; Kousteni, S.; O’Brien, C.A.; Bellido, T.; Parfitt, A.M.; et al. Skeletal Involution by Age-Associated Oxidative Stress and Its Acceleration by Loss of Sex Steroids. J. Biol. Chem. 2007, 282, 27285–27297. [Google Scholar] [CrossRef] [PubMed]

	



Bai, X.C.; Lu, D.; Bai, J.; Zheng, H.; Ke, Z.Y.; Li, X.M.; Luo, S.Q. Oxidative Stress Inhibits Osteoblastic Differentiation of Bone Cells by ERK and NF-ΚB. Biochem. Biophys. Res. Commun. 2004, 314, 197–207. [Google Scholar] [CrossRef] [PubMed]

	



Jilka, R.L.; Noble, B.; Weinstein, R.S. Osteocyte Apoptosis. Bone 2013, 54, 264–271. [Google Scholar] [CrossRef] [PubMed]

	



Huh, Y.J.; Kim, J.M.; Kim, H.; Song, H.; So, H.; Lee, S.Y.; Kwon, S.B.; Kim, H.J.; Kim, H.H.; Lee, S.H.; et al. Regulation of Osteoclast Differentiation by the Redox-Dependent Modulation of Nuclear Import of Transcription Factors. Cell Death Differ. 2006, 13, 1138–1146. [Google Scholar] [CrossRef]

	



Banfi, G.; Iorio, E.L.; Corsi, M.M. Oxidative Stress, Free Radicals and Bone Remodeling. Clin. Chem. Lab. Med. 2008, 46, 1550–1555. [Google Scholar] [CrossRef]

	



Sumi, D.; Hayashi, T.; Matsui-Hirai, H.; Jacobs, A.T.; Ignarro, L.J.; Iguchi, A. 17β-Estradiol Inhibits NADPH Oxidase Activity through the Regulation of P47phox MRNA and Protein Expression in THP-1 Cells. Biochim. Biophys. Acta Mol. Cell. Res. 2003, 1640, 113–118. [Google Scholar] [CrossRef]

	



Sendur, O.F.; Turan, Y.; Tastaban, E.; Serter, M. Antioxidant Status in Patients with Osteoporosis: A Controlled Study. Joint Bone Spine 2009, 76, 514–518. [Google Scholar] [CrossRef]

	



Tao, Z.; Li, T.L.; Yang, M.; Xu, H.G. Silibinin Can Promote Bone Regeneration of Selenium Hydrogel by Reducing the Oxidative Stress Pathway in Ovariectomized Rats. Calcif. Tissue Int. 2022, 110, 723–735. [Google Scholar] [CrossRef]

	



Pinna, A.; Torki Baghbaderani, M.; Vigil Hernández, V.; Naruphontjirakul, P.; Li, S.; McFarlane, T.; Hachim, D.; Stevens, M.M.; Porter, A.E.; Jones, J.R. Nanoceria Provides Antioxidant and Osteogenic Properties to Mesoporous Silica Nanoparticles for Osteoporosis Treatment. Acta Biomater. 2021, 122, 365–376. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Xie, Y.; You, M.; Huang, L.; Zheng, X. Plasma Sprayed Cerium Oxide Coating Inhibits H2O2-Induced Oxidative Stress and Supports Cell Viability. J. Mater. Sci. Mater. Med. 2016, 27, 100. [Google Scholar] [CrossRef]

	



Bhattacharya, S.K.; Sen, A.P.; Ghosal, S. Effects of Shilajit on Biogenic Free Radicals. Phytother. Res. 1995, 9, 56–59. [Google Scholar] [CrossRef]

	



Alshubaily, F.A.; Jambi, E.J. Correlation between Antioxidant and Anti-Osteoporotic Activities of Shilajit Loaded into Chitosan Nanoparticles and Their Effects on Osteoporosis in Rats. Polymers 2022, 14, 3972. [Google Scholar] [CrossRef]

	



Yu, P.; Zheng, L.; Wang, P.; Chai, S.; Zhang, Y.; Shi, T.; Zhang, L.; Peng, R.; Huang, C.; Guo, B.; et al. Development of a Novel Polysaccharide-Based Iron Oxide Nanoparticle to Prevent Iron Accumulation-Related Osteoporosis by Scavenging Reactive Oxygen Species. Int. J. Biol. Macromol. 2020, 165, 1634–1645. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, N.I.; Mohd Noor, H.I.; Shuid, A.N.; Mohamad, S.; Abdul Malik, M.M.; Jayusman, P.A.; Shuid, A.N.; Naina Mohamed, I. Osteoprotective Effects in Postmenopausal Osteoporosis Rat Model: Oral Tocotrienol vs. Intraosseous Injection of Tocotrienol-Poly Lactic-Co-Glycolic Acid Combination. Front. Pharmacol. 2021, 12, 706747. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Al-Baadani, M.A.; Wu, M.; Tong, N.; Shen, X.; Ding, X.; Liu, J. Study on the Local Anti-Osteoporosis Effect of Polaprezinc-Loaded Antioxidant Electrospun Membrane. Int. J. Nanomed. 2022, 17, 17–29. [Google Scholar] [CrossRef]

	



Fatima, S.; Alfrayh, R.; Alrashed, M.; Alsobaie, S.; Ahmad, R.; Mahmood, A. Selenium Nanoparticles by Moderating Oxidative Stress Promote Differentiation of Mesenchymal Stem Cells to Osteoblasts. Int. J. Nanomed. 2021, 16, 331–343. [Google Scholar] [CrossRef]

	



Poleboina, S.; Sheth, V.G.; Sharma, N.; Sihota, P.; Kumar, N.; Tikoo, K. Selenium Nanoparticles Stimulate Osteoblast Differentiation via BMP-2/MAPKs/β-Catenin Pathway in Diabetic Osteoporosis. Nanomedicine 2022, 17, 607–625. [Google Scholar] [CrossRef]

	



Ardawi, M.S.M.; Badawoud, M.H.; Hassan, S.M.; Ardawi, A.M.S.; Rouzi, A.A.; Qari, M.H.; Mousa, S.A. Lycopene Nanoparticles Promotes Osteoblastogenesis and Inhibits Adipogenesis of Rat Bone Marrow Mesenchymal Stem Cells. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 6894–6907. [Google Scholar] [CrossRef]

	



Zheng, L.; Zhuang, Z.; Li, Y.; Shi, T.; Fu, K.; Yan, W.; Zhang, L.; Wang, P.; Li, L.; Jiang, Q. Bone Targeting Antioxidative Nano-Iron Oxide for Treating Postmenopausal Osteoporosis. Bioact. Mater. 2021, 14, 250–261. [Google Scholar] [CrossRef]

	



Kim, W.K.; Kim, J.C.; Park, H.J.; Sul, O.J.; Lee, M.H.; Kim, J.S.; Choi, H.S. Platinum Nanoparticles Reduce Ovariectomy-Induced Bone Loss by Decreasing Osteoclastogenesis. Exp. Mol. Med. 2012, 44, 432–439. [Google Scholar] [CrossRef]

	



Li, J.; Deng, C.; Liang, W.; Kang, F.; Bai, Y.; Ma, B.; Wu, C.; Dong, S. Mn-Containing Bioceramics Inhibit Osteoclastogenesis and Promote Osteoporotic Bone Regeneration via Scavenging ROS. Bioact. Mater. 2021, 6, 3839–3850. [Google Scholar] [CrossRef]

	



Brandi, M.L. Healing of the Bone with Anti-Fracture Drugs. Expert Opin. Pharmacother 2013, 14, 1441–1447. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Li, K.; Hu, T.; Shao, D.; Huang, S.; Xie, Y.; Zheng, X. Zn-Doped MnO2 Nanocoating with Enhanced Catalase-Mimetic Activity and Cytocompatibility Protects Pre-Osteoblasts against H2O2-Induced Oxidative Stress. Colloids Surf. B Biointerfaces 2021, 202, 111666. [Google Scholar] [CrossRef] [PubMed]

	



Riccucci, G.; Ferraris, S.; Reggio, C.; Bosso, A.; Rlygsson, G.O.; Ng, C.H.; Spriano, S. Polyphenols from Grape Pomace: Functionalization of Chitosan-Coated Hydroxyapatite for Modulated Swelling and Release of Polyphenols. Langmuir 2021, 37, 14793–14804. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Shen, X.; Luo, Z.; Hu, Y.; Li, M.; Ma, P.; Ran, Q.; Dai, L.; He, Y.; Cai, K. Osteogenesis Potential of Different Titania Nanotubes in Oxidative Stress Microenvironment. Biomaterials 2018, 167, 44–57. [Google Scholar] [CrossRef]

	



Ding, W.; Zhou, Q.; Lu, Y.; Wei, Q.; Tang, H.; Zhang, D.; Liu, Z.; Wang, G.; Wu, D. ROS-Scavenging Hydrogel as Protective Carrier to Regulate Stem Cells Activity and Promote Osteointegration of 3D Printed Porous Titanium Prosthesis in Osteoporosis. Front. Bioeng. Biotechnol. 2023, 11, 11103611. [Google Scholar] [CrossRef]

	



Huang, J.; Li, Y.; He, C. Melatonin Having Therapeutic Bone Regenerating Capacity in Biomaterials. Curr. Pharm. Biotechnol. 2022, 23, 707–718. [Google Scholar] [CrossRef]

	



Xiao, L.; Lin, J.; Chen, R.; Huang, Y.; Liu, Y.; Bai, J.; Ge, G.; Shi, X.; Chen, Y.; Shi, J.; et al. Sustained Release of Melatonin from GelMA Liposomes Reduced Osteoblast Apoptosis and Improved Implant Osseointegration in Osteoporosis. Oxid. Med. Cell. Longev. 2020, 2020, 6797154. [Google Scholar] [CrossRef] [PubMed]

	



Ewart, L.; Apostolou, A.; Briggs, S.A.; Carman, C.V.; Chaff, J.T.; Heng, A.R.; Jadalannagari, S.; Janardhanan, J.; Jang, K.-J.; Joshipura, S.R.; et al. Performance Assessment and Economic Analysis of a Human Liver-Chip for Predictive Toxicology. Commun. Med. 2022, 2, 154. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.Y.; Nicholson, M.W.; Wang, J.Y.; Ting, C.Y.; Tsai, M.H.; Cheng, Y.C.; Liu, C.L.; Chan, D.Z.H.; Lee, Y.C.; Hsu, C.C.; et al. Population-Based High-Throughput Toxicity Screen of Human IPSC-Derived Cardiomyocytes and Neurons. Cell Rep. 2022, 39, 110643. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, S.M.; Ahmed, S.M.; Shivnaraine, R.V.; Wu, J.C. FDA Modernization Act 2.0 Paves the Way to Computational Biology and Clinical Trials in a Dish. Circulation 2023, 148, 309–311. [Google Scholar] [CrossRef]








[image: Biomimetics 09 00023 g001] 





Figure 1. ROS and antioxidant (AO) generation and sources in the body. Made in ©BioRender-biorender.com. 
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Figure 2. Main reactions between ROS and biomolecules, and detrimental effects of ROS in the body. (a) DNA alterations by ROS. (b) Lipid peroxidation by ROS. (c) Protein modifications by ROS. Made in ©BioRender-biorender.com. 
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Figure 3. Biomaterials employed in tissue engineering (TE). Made in ©BioRender-biorender.com. 
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