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Abstract:



Pollution from air and sunlight has adverse effects on human health, particularly skin health. It creates oxidative stress, which results in skin diseases, including skin cancer and aging. Different types of antioxidants are used as preventative actives in skin-care products. However, they have some limitations as they also scavenge oxygen. Recently, spin traps are being explored to trap free radicals before these radicals generating more free radicals (cascading effect) and not the oxygen molecules. However, not all spin traps can be used in the topical cosmetic skin-care products due to their toxicity and regulatory issues. The present review focuses on the different pathways of reactive oxygen species (ROS) generation due to pollution and the potential use of spin traps in anti-pollution cosmetics to control ROS.
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1. Introduction


The World Health Organization (WHO) has recognized the urban pollution as one of the most important environmental issues in the world. Over 99% of the urban population in Asia is regularly exposed to concentrations of air pollutants that are above the WHO recommendation level. According to the latest urban air quality database [1], more than 100,000 inhabitants in 98% of cities in low- and middle-income countries do not live in areas with good or healthy quality air (as per WHO air quality guidelines). On the contrary, high-income countries are improving their air quality.



Air pollution is comprised of various particulate matters (PMs) that can cause skin diseases, cancer, pulmonary, and cardiovascular diseases [2,3,4]. The increased ambient PM from industrialization and urbanization is highly associated with morbidity and mortality worldwide [2].



Free radicals or reactive chemical species exhibit a single unpaired electron in an outer orbit to form the unstable configuration creating energy and releasing it through reactions with adjacent molecules, such as proteins, lipids, carbohydrates, and nucleic acids [5]. The major members of the reactive oxygen species (ROS) include free radicals like O•−2, OH• and non-radicals like H2O2 and 1O2 (Table 1). The ROS can be harmful or beneficial in biological systems depending on its surrounding environment and exposures [6,7].



Table 1. Some examples of molecules and corresponding free radicals.







	
Molecule

	
Symbol

	
Free Radical Structure






	
Oxygen

	
O2
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Hydrogen Peroxide

	
H2O2
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Superoxide anion

	
●O−2
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Peroxide

	
●O−22
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Hydroxyl Radical

	
●OH
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Hydroxyl ion

	
OH−
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Nanosized particles from traffic sources are the most harmful components of ambient PM [8] because of oxidative stress due to their small size and large surface per unit mass, and are highly reactive towards biological surfaces and structures [9]. Additionally, nanoparticles can carry organic chemicals and metals to mitochondria and generate ROS [10]. Additionally, Polycyclic Aromatic Hydrocarbons (PAHs) adsorbed on the surface of airborne PM [11] can activate xenobiotic metabolism to convert PAHs into quinones and producing ROS [12].



Antioxidants are often used to reduce the effect of oxidative stress. Two types of antioxidants that can help scavenge ROS [5] are (i) enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), guaiacol peroxidase (GPX), glutathione reductase (GR), monodehydroascorbate reductase (MDHAR), and dehydroascorbate reductase (DHAR); and (ii) non-enzymatic antioxidants such as ascorbic acid (AA), reduced glutathione (GSH), α-tocopherol, carotenoids, flavonoids, and the osmolyte proline. A co-factor is an ion or a molecule that binds to the catalytic site of an apoenzyme rendering it active. In addition to antioxidants, co-factors [5] such as zinc also play an important role in the free radical induced oxidative damage. It is five to six times more concentrated in the epidermis than the dermis. Zinc is an essential element of more than 200 metalloenzymes including the antioxidant enzyme and CuZnSOD [13]. Topical divalent zinc provides antioxidant photoprotection for skin either by replacing redox active molecules such as iron and copper at critical sites in cell membranes and proteins or by inducing the synthesis of metallothionein like sulfhydryl-rich proteins that protect against free radicals [13].



The conventional antioxidants react with free radicals to convert the ROS into water. However, antioxidants may also contribute to hypoxia in deep tissue by indiscriminately converting both normal oxygen and ROS molecules to water [14]. On the other hand, spin traps have the ability to scavenge or stabilize free radicals before their deterioration and help reduce their cascade effect on other molecules to generate more free radicals. Spin traps can selectively trap ROS as opposed to antioxidants [15].



The present review discusses ROS and oxidative stress pathways arising due to pollution, the potential use of spin traps against ROS and oxidative stress, and their limitations.




2. Pollution and Its Effect on the Skin


The following are four mechanisms [16] by which ambient air pollutants cause adverse effects on skin health: (i) generation of free radicals, (ii) induction of inflammatory cascade and subsequent impairment of skin barrier, (iii) activation of the aryl hydrocarbon receptor (AhR) and (iv) alterations to skin microflora. The effect of pollutant on skin indications are summarized in Table 2.



Table 2. Pollution and skin diseases.







	
No.

	
Pollution Type

	
Skin Indications






	
1

	
Ultraviolet radiation

	
Extrinsic skin aging and skin cancers




	
2

	
Cigarette smoke

	
Premature aging, psoriasis, acne and skin cancers, atopic dermatitis and eczema




	
3

	
Polyaromatic hydrocarbons

	
Extrinsic skin aging, pigmentation, cancers and acneiform eruptions




	
4

	
Volatile organic compounds

	
Atopic Dermatitis










Ambient PM can penetrate the skin either through hair follicles or trans-epidermally [17], and PM-bound PAHs generate ROS [18,19]. The long-term exposure to air pollution can lead to extrinsic skin aging through oxidative stress generated by the particles themselves and/or by associated PAHs. Moreover, PMs have been found to disrupt stratum corneum integrity by 2-fold and mildly damaging tight junctions [20]. Additionally, an increase in soot (per 0.5 × 10−5/m) and particles from traffic (per 475 kg/year/km2) has been associated with 20% more pigment spots on the forehead and cheeks [21].



PM induces oxidative stress through the production of ROS and secretion of pro-inflammatory cytokines such as Tumor necrosis factor (TNF)-α, Interleukin (IL)-1α and IL-8 [4]. The increased production of ROS such as superoxide and hydroxyl radical by PM exposure increases matrix metalloproteinases (MMPs) such as MMP-1, MMP-2 and MMP-9. MMPs are responsible of the degradation of collagen and lead to the increase in inflammatory skin diseases and skin aging [4]. In addition, environmental cigarette smoke, which is well known as an oxidizing agent, is responsible for androgenetic alopecia (AGA). The ultrafine particles including black carbon and PAHs enhance the incidence of skin cancer. Overall, increased PM levels are responsible for the development of various skin diseases via the regulation of oxidative stress and inflammatory cytokines. Antioxidant and anti-inflammatory drugs may be useful for treating PM-induced skin diseases.



The onset of systemic lupus erythematosus (SLE), an immune-complex-mediated multi-systemic autoimmune condition, can be flared by various environmental factors such as cigarette smoke, alcohol, occupationally- and non-occupationally- related chemicals, ultraviolet (UV) light, infections, etc. [22].



Sensitive skin is induced by various environmental factors such as UV light, cold, heat and air pollution. The activation of cutaneous endothelin receptors and transient receptor potential (TRP) channels represent a mechanism by which external environmental stimuli are transferred to individuals with sensitive skin [23]. Additionally, UV irradiations upregulate proinflammatory lipids including lysophosphatidic acids (LPA) such as LPA 18:1 [24]. These upregulated proinflammatory lipids are agonists of TRPV1 (transient receptor potential cation channel subfamily V member 1 or the capsaicin receptor or the vanilloid receptor 1) in the skin [24]. TRPV1 contributes to thermal hyperalgesia and mechanical allodynia and trigger the sensation of pain [24]. Toll-like receptors (TLRs) are cellular sensors that recognize pathogens and can be expressed on various cell types including keratinocytes, Langerhans cells, mast cells, and fibroblasts in the skin. Upon stimulation with exogenous or endogenous ligands, TLR3 cells are intimately involved in the pathogenesis of infectious or inflammatory skin diseases such as viral infections or allergic and irritant contact dermatitis, and itching sensations in the skin [25].



Atopic dermatitis (AD) is a chronic skin disorder which is characterized by pruritus and recurrent eczematous lesions that are accompanied by T-helper (Th)2-dominated inflammation. AD is characterized by complex interactions between genetic and environmental factors, such as skin barrier dysfunctions, allergy/immunity, and pruritus. Filaggrin is one of the key proteins involved in skin barrier function. Th2 cells produce interleukin (IL)-31 which can provoke pruritus and other Th2 cytokines can decrease filaggrin expression by keratinocytes. AD can be treated by newly developed drug, Dupilumab (as a post treatment and not as preventative measure), which can bind to IL-4 receptor α and inhibit downstream signaling induced by IL-4 and IL-13 [26].



UV irradiation is one of main environment pollutants that can cause human carcinogens [27,28]. The UV radiation is mainly composed of UV-A (λ = 320–400 nm), UV-B (λ = 280–320 nm), and UV-C (λ = 200–280 nm). UV-C is absorbed by oxygen and ozone in the Earth’s atmosphere and does not have any significant impact on the skin [27]. However, the longer wavelength, UV-B and UV-A radiations, have significant effects on the biota. Moreover, 98.7% of the UV radiation that reaches the Earth’s surface is UV-A [29,30]. UV irradiations are responsible for melanoma formation [31]. The DNA damaging, carcinogenic, inflammatory, and immunosuppressive properties of UV radiations contribute to initiation, progression, and metastasis of primary melanoma [32]. The changes in ROS signaling pathways have the damaging action of UV-A and UV-B irradiations on the skin [33]. Moreover, the overproduction of ROS may stimulate malignant transformation to melanoma.



UV-A light can deeply penetrate into the skin [34,35] generating ROS that damages DNA leading to 92% of malignant melanoma [36]. On the contrary, UV-B light, that has a shorter wavelength than UV-A light, causes sunburn [37], induces DNA damage leading to the apoptosis of keratinocytes [38]. Therefore, UV-B light affects the skin directly compared to UV-A light and is responsible for 8% of total melanoma production [36]. Mechanistically, the UV-B light exposure results in (i) the formation of covalent linkages between pairs of thymine and cytosine bases in DNA, (ii) the formation of pyrimidine (cyclobutane) dimers and (iii) the excitation of DNA of the skin cells. Additionally, the DNA polymerase incorporates an incorrect base opposite to an abnormal base leading to a DNA mutation during the replication process, which, in turn, can cause skin cancers. In addition to the DNA mutation, some of the major side products such as 6-4 photoproducts (6-4 PPs) pyrimidine adducts and Dewar valence isomers are also formed by the photoisomerization of 6-4 PPs due to exposure of the skin cells to UV-B light (>290 nm) [39,40,41,42,43,44]. Most of these genetic lesions are generally corrected by nucleotide excision repair. The genetic information may be permanently mutated if nucleotide excision repair dies not occur.



After UV-A irradiation absorption, endogenous photosensitizes such as flavins [45], NADH/NADPH [46], urocanic acid [47], and some sterols [48] present in tissue are converted to their long-lived triplet state, which in turn can transfer energy to oxygen molecules to form an energetically excited and highly reactive singlet oxygen. Additionally, a novel class of UV-A photo-sensitizers comprised of skin biomolecules based on 3-hydroxypyridine derivatives such as enzymatic collagen cross-links, B6 vitamin, and glycation end products in chronologically aged skin are capable of skin photooxidative damage [49]. UV-A-irradiated cultured human melanocytes can be photosensitized by chromophores such as pheomelanin and/or melanin intermediates [50]. In addition, UV-B natural chromophores may exhibit similar phototoxic properties. UV-B-sensitized tryptophan produces singlet oxygen (1O2) and superoxide radicals (O2−.), and these reactive forms of oxygen may contribute to membrane-, cytoplasm- and DNA-damaging effects [51]. Singlet oxygen, hydroxyl radical and hydrogen peroxide are ROS that can also produce oxidative stress in cells and organisms [52]. Oxidative stress is the imbalance between ROS production and a biological system’s ability to detoxify these reactive intermediates. The oxidative stress is considered as a critical pathophysiological mechanism in cancererogenesis [53]. Reactive chemical species can reach DNA by diffusion and the resultant bimolecular reaction will damage the DNA [54]. Singlet oxygen interacts preferentially with guanine to produce 8-oxo-7,8-dihydroguanine after losing two electrons. Additional removal of two electrons from 8-oxo-7,8-dihydroguanine can yield highly mutagenic spiroiminodi-hydantoin (Sp) R and S stereoisomers that are capable of causing G→T and G→C conversions, and, in turn, this may initiate cancer [52,55].



Typical levels of ozone that are recorded in urban environments are in the range of 0.2 to 1.2 ppm [56,57]. This century will see an increase in ozone levels, which will have adverse effects on skin [58].



Ozone is a potent oxidant that can react with a variety of extracellular and intracellular biomolecules [59,60,61,62] and damage the barrier function of the epidermis [61]. The cytotoxicity of ozone is due to its capability of antioxidant depletion [63,64,65] and its interaction with unsaturated lipids to generate damaging free radicals or toxic intermediate products [66]. Ozone exposure can influence antioxidant levels and oxidation markers in the outermost stratum corneum layer [67,68]. The changes in the oxidant levels and oxidation markers induce cellular stress responses in the deeper skin cells [69]. The chronic exposure of the skin to environmental stressors can overwhelm the skin’s defensive system comprised of both enzymatic and non-enzymatic low molecular weight antioxidants [70], and induces persistent damage to cutaneous tissues. Therefore, antioxidants can be used as a defensive approach against the pollution induced oxidative stress. However, the antioxidant protection is limited by the first-pass metabolism and the lack of ability to sustain enough antioxidants in the skin. Additionally, the topical application of single antioxidants is not enough to protect the skin in a comprehensive manner; therefore, the synergistic action of diverse types (enzymatic and non-enzymatic) of antioxidants may better protect against oxidative stress. In this regard, the combination of ferulic acid with vitamin oxidants such as vitamin C and vitamin E has been found to provide double protection to the skin from environmentally induced oxidative stress [71,72]. These findings may be helpful to researchers to find new ways of preventing or neutralizing the toxic effects of O3 in cutaneous tissue. The exposure of normal human epidermal keratinocytes (NHEK) to ozone (0.3 ppm) can result in an increase in protein and messenger RNA (mRNA) expression of the family of cytochrome P450 (CYP) isoforms (CYP1A1, CYP1A2 and CYP1B1). Additionally, NHEK exposure to ozone results in nuclear translocation of the aryl hydrocarbon receptor (AhR) and in phosphorylation of epidermal growth factor receptor (EGFR). Moreover, the effect of ozone on events downstream of EGFR can result in an increased activation of phosphoinositide 3-kinase and phosphorylation of protein kinase B and mitogen-activated protein kinases [73]. Acute ozone exposure depletes skin vitamins C and E and induces lipid peroxidation in upper epidermal layers [74]. The dramatic increase of basal and squamous cell skin cancer in the past few years has been associated with stratospheric ozone depletion caused by ozone depleting substances (ODS) of anthropogenic origin and resultant higher UV-B radiations [75].



Skin aging leads to a progressive loss of structure and function, which can be influenced by both intrinsic and extrinsic factors. Oxidative stress induced by ROS plays an important role in the aging process [76]. Mitochondria is the major source of cellular oxidative stress and causing cutaneous aging and senescence. Antioxidants are generally produced to counteract the oxidative stress. However, due to environmental stress, elevated ROS levels can overwhelm endogenous cellular antioxidant mechanisms [77]. This can lead to an imbalance in tissue oxygen homeostasis, with oxidant effects outweighing antioxidant effects, and, therefore, the cellular environment becomes oxidatively stressed [77]. Oxidation of lipids by ROS can damage cellular structures and result in premature cell death [78]. In addition, the interaction with nuclear and mitochondrial nucleic acids results in mutations that predispose them to strand breaks [78]. Extrinsic skin aging is generally influenced by environmental factors and external stressors such as UV radiation, pollution and lifestyle factors that stimulate the ROS production and oxidative stress [79].




3. Use of Antioxidants and Some Limitations Compared to Spin Traps


The properties of antioxidants such as preventive, radical scavenging, repair and de novo, and the adaptations are described below [14]. The first line of defensive antioxidants suppresses the formation of free radicals, but the precise mechanism and site of radical formation in vivo are not well established so far. The metal-induced decompositions of hydroperoxides and hydrogen peroxide is assumed to be one of the important sources of free radicals. Some antioxidants reduce hydroperoxides and hydrogen peroxide to alcohols and water, respectively, prior to the generation of free radicals. Enzyme antioxidants such as glutathione peroxidase, glutathione-S-transferase, phospholipid hydroperoxide glutathione peroxidase (PHGPX), and peroxidase decompose lipid hydroperoxides to corresponding alcohols. PHGPX is a unique enzyme antioxidant as it can reduce hydroperoxides of phospholipids integrated into biomembranes. Antioxidants, glutathione peroxidase and catalase reduce hydrogen peroxide to water. The second line of defensive antioxidants scavenge the active radicals to suppress chain initiation and/or break the chain propagation reactions. Endogenous radical-scavenging antioxidants can be hydrophilic and lipophilic in nature. Hydrophilic radical-scavenging antioxidants are vitamin C, uric acid, bilirubin, albumin, and thiols, while lipophilic radical-scavenging antioxidants are vitamin E and ubiquinol. Vitamin E is widely treated as the most potent radical-scavenging lipophilic antioxidant. The third line of defensive antioxidants comprised of the repair and de novo antioxidants such as proteolytic enzymes, proteinases, proteases, and peptidases that are present in the cytosol and in the mitochondria of mammalian cells. These antioxidants recognize, degrade and remove oxidatively modified proteins and prevent the accumulation of oxidized proteins. Additionally, the DNA repair systems play an important part of the total defense system against oxidative damage. Enzymes such as glycosylases and nucleases repair the damaged DNA. Furthermore, there is an important function called adaptation that produces the signal for the production and reactions of free radicals to induce the formation and transport of the appropriate antioxidant to the right site [80]. Antioxidants have been used to reduce the effect of oxidative stress and photoaging or repair the damaged skin. However, the efficacy of antioxidants to protect the skin is dependent on potency as well as its stability of antioxidants in the skin or in the formulation [81]. Antioxidant mixtures protect against ozone induced damage in human reconstructed skin models [82]. Recently, Valacchi et al. [83] have demonstrated that antioxidant mixtures comprised of L-ascorbic acid, alpha-tocopherol, ferulic acid, and phloretin can restrict ROS production induced by ozone exposure in a reconstructed human epidermis (RHE) model in addition to the prevention of ozone-induced oxidative damage in human keratinocytes. As discussed in the next section, spin traps do not react with unpaired electrons of oxygen and trap free radicals only. Vitamin C, which is known to be antioxidant, can also be an oxidant to form the ascorbate free radical. Spin traps do not form free radicals like Vitamin C.




4. Spin Traps (Applications and Limitations)


Janzen and Blackburn coined the term “spin trap” for trapping free radical intermediates [15]. The fundamental mechanism of “spin trap” action is different from traditional antioxidants such as Vitamin A or C. Spin traps are quick to trap or stabilize free radicals before deterioration of free radicals. Furthermore, they can reduce the free radical cascade effect on other molecules to generate more free radicals. Spin traps essentially scavenge the free radicals and selectively trap ROS in comparison to antioxidants. As discussed before, the antioxidants chemically react with the free radicals to convert the ROS into water to terminate the chain reaction [14]. Antioxidants might be counterproductive as they may contribute to hypoxia (lack of oxygen) in deep tissues by indiscriminately converting both normal oxygen and ROS molecules to water. On the other hand, spin traps react only with the ROS in a passive way by intercepting it before any damage is done. It can differentiate between good oxygen molecules and ROS (which are harmful).



The spin trapping technique [84] consists of using a nitrone or a nitroso compound to “trap” the initial unstable free radical as a “long-lived” nitroxide that can be observed at room temperature using conventional Electron spin resonance (ESR) spectrometric procedures. The nitrone chemical structure along with an example of nitrone, α-phenyl-tert-butyl nitrone (PBN), is depicted in Figure 1a,b. Nitrones react with, “trap” and stabilize free radical intermediates.


Figure 1. Chemical structures of spin trap: (a) nitrone spin trap (representative chemical structure); (b) chemical structure of α-phenyl-tert-butyl nitrone.
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Many of these intermediates exist for only a brief time and are very difficult to characterize and study. The nitrone trapping of a free radical intermediate to form a stable nitrone spin adduct is depicted in Figure 2. The reaction of the free radical species with a nitrone yields a product termed as the spin-adduct (Figure 2).


Figure 2. Spin trapping mechanism of an unstable free radical by a nitrone free radical to form a stable nitrone spin adduct.
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The nitroxyl free radical spin-adduct is usually much more stable than the free radical, therefore making it possible in principle to characterize the original free radical trapped using electron paramagnetic resonance methods [84,85]. In fact, Radicalomics, a cocktail of spin traps, are used with the EPR method to reveal the presence of free radicals in one step, their chemical nature or the site of production [85]. Some of the spin traps are listed in Table 3.



Table 3. Types of spin traps.







	
Spin-Trap Group

	
Spin-Traps

	
Cytotoxiciy

(Inhibitory concentration at half maximum, IC50, mM) [91]

	
Cutaneous Irritation Potency(IP) at 100 mM [91]

	
Benefits






	
Nitrones

	
α-Phenyl-tert-butyl nitrone

	
9.37 ± 0.26 (Low toxicity)

	
Slightly irritant (IP = 1.4)

	
Slightly-irritant, non-sensitising, high trans-epidermis water loss (TEWL), and low cytotoxicity




	
5,5-dimethyl-1-pyrroline N-oxide

	
138.34 ± 2.22 (Least toxic)

	
Non-irritant (IP = 0)

	
Non-irritant, non-sensitising, low TEWL and least cytotoxic




	
Nitroxides

	
2,2,5,5-tetramethyl-3-oxazolidinoxyl

	
NA

	
Slightly irritant (IP = 0.9)

	
Slightly-irritant, non-sensitising and high TEWL




	
2,2,5,5-tetramethyl-1-dihydro-pyrrolinoxyl

	
NA

	
Non-irritant (IP = 0)

	
Non-irritant, non-sensitising, and low TEWL




	
2,2,3,4,5,5-hexamethyl-imidazoline-1-yloxyl

	
NA

	
Non-irritant (IP = 0)

	
Non-irritant, non-sensitising and low TEWL




	
3,3,5,5-tetramethylpyrroline-N-oxide

	
0.72 ± 0.05; Highly cytotoxic

	
Slightly irritant (IP = 1.7)

	
Slightly-irritant, non-sensitising and high TEWL




	
Hydroxylamine-TEMPO

	
2,2,6,6-tetramethyl-1-hydroxypiperidine

	
NA

	
Non-irritant (IP = 0)

	
Non-irritant, non-sensitising, low TEWL








NA = Not Available.








Nitrones, particularly PBN, have been studied for anti-aging properties. PBN suppresses the amount of ROS produced in mitochondrial respiration [86,87,88,89]. With their unique actions to control ROS, spin traps also suppress pro-inflammatory conditions and destroy age-inducing free radicals in skin. Therefore, they can be utilized in skin anti-aging products, scar-reducing products, and used to treat inflammatory conditions such as rosacea and sunburn. Additionally, spin traps can control cellular oxidation states and oxidatively sensitive enzyme systems, and exhibit anti-irritant and anti-microbial properties in topical skin-care formulations. Particularly, PBN scavenges the hydroxyl free radicals generated by α-hydroxy acids in the Fenton reaction [90].



Fuchs et al. [91,92] have studied the toxicity of different spin traps, and estimated the irritation potency (IP) based on erythematous and odematous lesions; II of spin traps estimated at 100 mM is provided in Table 3. Based on II, authors [91] have found that the nitroxide precursors and nitrones can be classified clinically non-irritant (2,2,5,5-tetramethyl-1-dihydro-pyrrolinoxyl (PROXO), 2,2,3,4,5,5-hexamethyl-imidazoline-1-yloxyl (Imidazo), 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (Table 3)) to slightly irritant (3,3,5,5-tetramethylpyrroline-N-oxide (TEMPO), 2,2,5,5-tetramethyl-3-oxazolidinoxyl (DOXO), PBN (Table 3)) as per the Draize protocol. PBN, DOXO, and TEMPO are found to be non-irritant at 10 mM; therefore, a low amount of these three spin traps can be used in cosmetic formulation to avoid toxicity. Further research may be needed to find maximum safe concentrations of these three spin traps.



Authors [91] have also found a significant increase in the trans-epidermal water loss values by 100 mM of TEMPO, DOXO and PBN and 2,2,6,6-tetramethyl-1-hydroxypiperidine (TOLH), hydroxylamine-TEMPO and its major skin metabolite did not cause skin irritation. The nitroxide irritancy potency is found to be TEMPO > DOXO > Imidazo = PROXO. This irritancy potency is further found to be in inverse order (Imidazo = PROXO > DOXO > TEMPO) of nitroxide biostability in murine and human skin [91].



Additionally, nitroxides and nitrones did not show the sensitizing effect as per the Magnusson and Kligman test. Therefore, the nitroxide precursors and nitrones tested have exhibited a low potential of acute skin intolerance. Janzen et al. [92] found that the lethal dose of PBN was found to be approximately 100 mg/100 g bodyweight (0.564 mmol/100 g), suggesting that PBN is non-toxic. DMPO was found to be the least toxic (no toxic signs at twice the lethal dose for PBN), whereas 2,6-difluoro-PBN and M4PO (3,3,5,5-tetramethyl-1-pyrroline-N-oxide) were the most toxic as both cause death at 1/8 of the PBN-equivalent lethal dose [92]. Table 3 shows that non-irritating spin traps have low TEWL (13 g/m2·h–16 g/m2·h), whereas DOXO is a slight irritant with good TEWL (24 ± 5 g/m2·h). Theoretically, a combination of spin traps with non-irritation and high TEWL can be used in skin care formulations. Moreover, Haselof et al. [93] and Janzen [94] have studied the cytotoxicity (the inhibitory concentration at half maximum, IC 50 mM; 50% cell viability) of spin traps on bovine aortic endothelial cells and found that DMPO is least toxic (138.34 ± 2.22 mM) followed by PBN (9.37 ± 0.26 mM), but TEMPO is found to be highly cytotoxic (0.72 ± 0.05 mM). DMPO is least toxic but may not hold trans-epidermal moisturization as it exhibits low TEWL. Comparing all properties, PBN has low toxic and provide good TEWL and can be used alone or with DMPO (least toxic but low TEWL) in cosmetic formulations.



PBN, other nitrone-based and nitroso-based spin traps can ameliorate the cellular dysfunction in tissue partially due to high energy oxygen and hydroxyl free radicals, and enhance recuperation of the tissue. Therefore, PBN is used as an anti-alopecia agent to stimulate cosmetic hair growth [95]. A study by Barclay et al. revealed that PBN exhibited only retardant (not antioxidant) activity during peroxidation of linoleate (in lipids) initiated by lipid-soluble di-tert-butyl hyponitrite or azobis (2-amidino propane hydrochloride) in sodium dodecyl sulphate micelles [96].



In the near future, PBN or other suitable spin traps (along with other actives/antioxidants) may also need to be included in cosmetic products to reduce or stop ROS and other free radicals generated by high frequency—high energy (HFHE) visible light (λ = 400–450 nm) [97,98], near-infrared light (NIR) (λ = 760–3000 nm) and blue light (λ = 450–495 nm). This is important because the free radicals generated by the HFHE visible light can potentially affect 40 skin related genes [98] that can attenuate the healing process leading to weak barrier functions, inflammation and un-even pigmentation to the skin. Additionally, NIR light has been shown to create free radicals [99]. Both HFHE and NIR can produce MMP-1 and MMP-9 leading to aging and degradation of collagen in the skin [98,99,100,101,102]. Moreover, blue-violet light at high doses may also generate free radicals [103]. Blue light is used to treat acne [104], psoriasis [104,105] and AD [106] through ROS production and its short-term use in clinics is found to be safe [107,108]. PBN like spin traps can help reduce the effect of prolong exposure of blue light induced free radicals on the (healthy, diseased or old) skin and further reduce the aging effect. This is particularly applicable for our current (modern) lifestyle due to our extensive exposure to digital appliances such as laptop, smart phone, television, etc. Further research is needed to ascertain the effect of prolonged exposure to blue light from optoelectronic appliances on the skin under various conditions (environmental or age-related), in order to develop new spin traps or formulations to enhance the protection of the skin.



Spin traps, lipophilic in nature, can be encapsulated by lipid spherules or vesicles to release into the epidermis and dermis layers [109]. The diffusion constant of these encapsulated systems in the stratum corneum is found to be <1 × 10−7 cm2·s−1 [109]. The diffusion coefficient can be varied by varying the composition of vesicles [109].



Different molecular weights of sodium hyaluronate are known to transfer biomacromolecules and other actives transdermally [110,111,112,113], and can also be used for dermal delivery of other actives including spin traps. Hypothetically, low viscous (less than 300 cPs) oil-in-water formulations such as serums containing low viscous sodium hyaluronate, medium viscous hydrogels (5000–10,000 cPs) and creams with viscosity (>10,000 cPs) can be used to transfer actives including spin traps to different parts of the skin. For example, low viscous serum containing low molecular weight (MW) sodium hyaluronate (<50 kDa) may transport actives to cell–cell junctions, hydrogels with medium MW sodium hyaluronate (50–300 kDa) will restrict transfer of actives predominantly to epidermis and supply moisturization, and high viscous cream with high MW sodium hyaluronate (>1 MDa) (containing 30–60% oil phase) can restrict actives to stratum corneum or top skin layers and reduce TEWL due to a high oil phase. Additionally, different weights of sodium hyaluronate may provide moisturization to all skin layers from inside out. With this three-step process, actives with spin traps can provide thorough protection to all levels of the skin structure from inside out. Additionally, chemical enhancers [114] or polymeric hydroethanolic systems [115] can be used for the controlled dermal delivery of spin traps and actives.



In the current global cosmetic market, the spin traps (particularly PBN) are included along with other antioxidants or cosmeceuticals in a few high-end cosmetic products, mostly for the antiaging purposes [116]. The number of antipollution cosmetics has increased by 40% between 2011 and 2013, which represent a market share of 28% in the Asia-Pacific region [117]. Anti-pollution cosmetics accounted for 1% of newly launched beauty products worldwide in 2016, except in Europe where the anti-pollution cosmetic trend is stagnating [117]. This trend of using spin traps in cosmetics shall increase in the next few years. However, the toxicity and regulatory constraints of spin traps need further studies before being included into topical skin-care products to treat skin-indications.




5. Conclusions


Pollution from air and sunlight has an adverse effect on the human health, particularly the skin health due to the oxidative stress, which can induce skin diseases such as skin cancer and aging. Different types of antioxidants have been used as preventative actives in skin-care products to scavenge free radicals. However, antioxidants have some limitations, as they can block the normal oxygen in the organs, which is helpful for the skin rejuvenation. Recently, spin traps are being explored to trap ROS before free radicals generate more free radicals in the cascading effect, with PBN being one of the spin-traps used in cosmetic products. Spin traps can specifically scavenge free radicals before the cascading effect and will not scavenge normal oxygen. However, not all spin traps can be used in the topical cosmetic skin-care products currently due to toxicity and regulatory issues.
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