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Oxidative stress is defined as a disturbance in the balance between oxidant production and antioxidant activity. 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. 
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1. Introduction

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 . 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 (O -), hydrogen peroxide (H O ) and the hydroxyl radical (OH) . 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 ( O ).

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 . During protein folding and disulphide bond formation within the endoplasmic

reticulum, oxidants are released . 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 .

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) , 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 . On the other side, increased

ROS in the body can induce autophagy through a variety of signalling pathways . At low levels, increased ROS also

activates the immune response . 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 .

The body has antioxidant mechanisms to quench excessive ROS production . 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) . 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
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(selenium, zinc and manganese), flavonoids, omega 3 and 6 fatty acids, etc. . The sources and generation of ROS and

antioxidants are summarized and illustrated in Figure 1.

Figure 1. ROS and antioxidant (AO) generation and sources in the body. Made in ©BioRender-biorender.com.

Oxidative stress, first proposed in 1990 by Sohal and Allen , is defined as a disturbance in the balance between oxidant

production and antioxidant activity . 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 . 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 . 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 .

2. Detrimental Effects of ROS in the Body

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 . 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 ,

membrane lipid and phospholipid peroxidation, and protein oxidation . 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 . Mitochondrial DNA mutations have been linked to various

disorders, particularly neurodegenerative diseases . 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 . 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) . These types of alterations have been

linked to some diseases such as cancer . 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 .
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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.

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 . 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) .

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 .

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 . 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.
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