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ABSTRACT 

Nanomaterials represent one of the most promising frontiers in the research for improved 

antioxidants. Some nanomaterials, including organic (i.e. melanin, lignin) metal oxides (i.e. cerium 

oxide) or metal (i.e gold, platinum) based nanoparticles, exhibit intrinsic redox activity that is often 

associated with radical trapping and/or with superoxide dismutase-like and catalase-like activities. 

Redox inactive nanomaterials can be transformed into antioxidants by grafting low molecular weight 

antioxidants on them. Herein, we propose a classification of nanoantioxidants based on their 

mechanism of action, and we review the chemical methods used to measure antioxidant activity by 

providing a rationale of the chemistry behind them. 
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1) INTRODUCTION 

Oxidative degradation of organic materials, including biological molecules such as lipids and 

proteins, as well as foods and cosmetics, is due to a radical-chain mechanism in which alkyl radicals 

are converted by atmospheric O2 into peroxyl radicals (ROO•) that propagate the oxidative chain. 

This reaction is known as autoxidation, because it occurs under mild conditions without an apparent 

cause; or as peroxidation, because hydroperoxides (alkyl hydroperoxides and H2O2) are the main 

firstly formed products.1 Hydroperoxides are themselves unstable and can be cleaved homolytically, 

forming hydroxyl (HO•) or alkoxyl (RO•) radicals, which are extremely reactive and can attack even 

relatively stable molecules such as DNA bases.2 Alkyl hydroperoxide cleavage also causes the 

formation of reactive carbonyl species (such as 4-hydroxynonenal) that amplify the oxidative 

damage.3 Oxidative stress, defined as the imbalance between the formation of reactive oxygen species 

(ROS) and the cell’s ability to provoke an effective antioxidant response, causes the accumulation of 

irreversible damages to proteins, lipids, and to DNA, leading to mutations and cell death.4 

Like any other radical chain reaction, autoxidation is composed of three steps: initiation, propagation 

and termination, as shown in Scheme 1.1 Autoxidation can be initiated by several processes yielding 

X• radicals, such as light- or heat-induced homolytic cleavage of weak bonds, or electron transfers 

involving transition metals and hydroperoxides (Scheme 1). Depending on their way of formation, 

X• radicals can be represented by hydroxyl (HO•), alkyl (R•), alkoxyl (RO•), or hydroperoxyl (HOO•) 

radicals. Initiating radicals react with the substrate RH, most commonly by H-atom abstraction, to 

yield alkyl radicals R•, which react at a diffusion controlled rate with oxygen to form peroxyl radicals 

(ROO•). Peroxyl radicals ROO• attack the substrate to give hydroperoxides (ROOH) and new R• 

radicals, establishing a chain-reaction, that proceeds for many cycles before two radicals incidentally 

quench each other in the termination step (see Scheme 1). In biological systems, oxidizable molecules 

are represented mainly by lipids (e.g. triglycerides and cholesterol),5 proteins,6 and carbohydrates.7  
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Scheme 1. Radical-chain mechanism of the autoxidation of a substrate (RH), to form an alkyl 

hydroperoxide (ROOH), reporting the main initiation mechanisms. The possible ways for antioxidant 

action are showed in red. X• = initiating radical; SOD = superoxide dismutase; CAT = catalase; AH 

= chain-breaking antioxidant. 

 

1.1 Classification of antioxidant action 

An antioxidant is a substance (molecule or nanomaterial) that, when added to oxidizable molecules 

in small amounts, protects them by slowing down or inhibiting their autoxidation.1 

Preventive antioxidants. The action of preventive antioxidants is to reduce the initiation rate.8 This 

is an heterogeneous class of compounds that comprises sunscreens,9 metal chelators,10 

hydroperoxide-decomposing agents11 – both small molecules and enzymes like glutathione 
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peroxidase (GPX) - and superoxide dismutase (SOD) or their mimics.12 One of the main sources of 

initiation is the Fenton reaction occurring between the reduced state of transition metal ions (e.g. Fe2+) 

and hydrogen peroxide (H2O2) or organic hydroperoxides (ROOH). Molecules that react with 

hydroperoxides without generating free radicals are effective preventive antioxidants, such as the 

enzymes catalase (CAT) and glutathione peroxidase (GPX) and small-molecules containing 

chalcogen atoms (mainly Se and Te).13 Despite the radical nature of superoxide, SOD-like 

antioxidants can be classified as preventive. Indeed, superoxide (HOO• / O2
•‒) is an unconventional 

oxygen-centered radical. At physiological pH, superoxide is mostly in its deprotonated form 

(pKa(HOO•) = 4.7) which has reducing rather than oxidizing ability, and only the small amount of 

neutral HOO• present at the equilibrium is able to directly initiate the autoxidation (Scheme 1).14 

Differently to classical chain-breaking antioxidants, the most active superoxide quenchers usually act 

in a catalytic fashion. They are both reduced and oxidized by superoxide with a ping-pong 

mechanism, similarly to the active site of the enzyme superoxide dismutase (SOD). The maximum 

SOD-like activity is reached when both the oxidation and reduction reactions are optimized and 

sufficiently rapid.15  

Chain-breaking antioxidants.  

These antioxidants, also called radical-trapping antioxidants, slow down (or block) the autoxidation 

by competing with the propagation reactions; i.e. peroxyl radicals react with them more rapidly than 

with the substrate. Typically, the reaction between the antioxidant (AH) and a peroxyl radical (ROO•) 

is a formal H atom transfer, to yield a hydroperoxide and the radical of the antioxidant (A•), which 

traps a second ROO• forming non-radical end products.1 With a few exceptions, in the absence of 

regenerating systems, chain-breaking antioxidants are consumed during the reaction, hence they act 

in a stoichiometric fashion. Here, it should be noted that the only important reaction of chain-breaking 

antioxidants is that with peroxyl radicals, while the reactions with the other radical species, formed 

during the autoxidation, are less relevant. In the case of R•, its reaction with O2 is so fast that the 

possibility that it is trapped by an antioxidant is indeed modest. In the case of HO• and RO• initiating 
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radicals, they are characterized by a very high reactivity toward any organic molecule, so that the 

antioxidant, which by definition is present in small amounts, cannot compete with these reactions.8 

The rules for a molecule (AH) to be a chain-breaking antioxidant are: i) to have high reactivity toward 

ROO•; ii) to yield a radical A• that does not propagate the autoxidation; and iii) to be stable under air. 

Phenols are perhaps the best examples of this class of antioxidants: they can rapidly trap 2 peroxyl 

radicals per molecule, therefore they have a stoichiometric factor (n) equal to 2. Polyphenols, having 

more phenolic units, can have larger stoichiometric factors.8 Well known examples of natural chain-

breaking antioxidants are tocopherols (vitamin E), flavonoids, stilbenes (e.g. resveratrol) and 

ascorbate (vitamin C), while synthetic alternatives are BHA, BHT, aromatic amines and nitroxides. 

 

1.2 Nanoantioxidants 

Nanontioxidants can be defined as nanomaterials capable of slowing the overall rate of autoxidation 

by trapping the chain-carrying radicals, or by decreasing the initiation events. Dietary antioxidants, 

such as vitamin E, -carotene, selenium, glutathione and polyphenols have drawn attention as 

pharmacological means to reduce ROS levels and to counteract diseases linked to oxidative stress.16 

However, clinical trials designed to provide evidence on the benefit of supplementation of -

tocopherol, selenium or -carotene for reducing the risk of cancer typically showed no protection or 

even an increased death risk.4 Among the possible reasons for such unexpected results, one of the 

most important is the inability of most antioxidants to reach biologically relevant targets.4 In this 

context, nanoantioxidants present a unique opportunity because they can be designed so to have 

prolonged stability compared to small molecules, to avoid rapid metabolic clearance, and to target 

specific sites. In general, nanomaterials may behave as passive delivery carriers of small-molecular 

antioxidants, or may possess inherent antioxidant properties.4 To guide the development of novel 

nanoantioxidants, in-vitro chemical tests aimed at measuring their antioxidant activity are of 

fundamental importance. In this review, we propose a classification of nanoantioxidants based on 
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their mechanism of action, and we aim at helping the reader to disentangle among the plethora of 

methods used to measure antioxidant activity by providing a rationale of the chemistry behind them 

(Figure 1). We will cover the field of intrinsically antioxidant materials and of inert scaffolds with 

antioxidants covalently bound on the surface, as they pose new challenges for the determination of 

antioxidants properties. On the other hand, the important and wide field of nanomaterials able to 

deliver and release antioxidants (i.e. nanoencapsulation,17 inclusion in biodegradable18,19 or in solid 

lipid nanoparticles,20 loading in nanotubes21 or mesoporous materials22 etc…) is outside the scope of 

this review, as their antioxidant capacity is essentially due to the release in solution of small-molecule 

antioxidants, whose activity is usually already known. 

 

 

Figure 1. Classification of nanoantioxidants based on their structural properties and on their 

mechanism of action. 

 

2) NANOMATERIALS WITH ANTIOXIDANT ACTIVITY 

2.1 Inherently antioxidant nanomaterials 
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Several types of nanomaterials possess intrinsic antioxidant properties that do not depend on their 

functionalization with antioxidants, but on the surface properties of the material itself. Most of such 

materials are inorganic metal nanoparticles (NPs); however, also all-organic NPs are becoming 

increasingly important, and some examples are reported below.  

CAT-mimics. Catalase (CAT) mimics act by decomposing H2O2 to H2O and O2, as shown by 

equation 1. 

2 H2O2 → 2 H2O + O2                (Eq. 1) 

In the literature, there are several examples of metal (gold, silver, platinum and palladium)23,24,25,26 

and metal oxide27,28,29,30,31,32,33 NPs displaying catalase-mimic behavior (see Table 1). However, this 

activity occurs only at neutral or basic pH values, whereas at acidic pH values a prooxidant effect, 

similar to that of peroxidase enzymes, is observed. The prooxidant behavior is due to the release of 

HO• radicals through the occurrence of Fenton reaction on the surface of the nanoparticle (equation 

2).34  

H2O2 + e‒ → HO• + HO‒                 (Eq. 2) 

This reaction is important for nanomaterials having peroxidase activity, which are useful for 

colorimetric sensing of glucose or DNA.35 This double-faced behavior limits the usefulness of such 

nanoantioxidants; at the same time, it provides an interesting way to develop pH-responsive redox 

modulators of the oxidative stress inside cells.36 Although mechanisms underlying catalase activity 

are not fully clarified,37,38 in the case of cerium oxide nanoparticles, relatively stable surface 

peroxo/hydroperoxo species are involved.39 The oxidation state of a given nanomaterial can influence 

its CAT-like behavior. Cerium nanoparticles with high surface Ce4+/Ce3+ ratios function as efficient 

antioxidant CAT-mimetics.27. In the case of Mn3O4 NPs having flower-like morphology 

(“nanoflowers”), the material having higher Mn3+/Mn2+ ratio, obtained by oxidation with NaIO4, 

exhibited enhanced CAT activity as compared to material having a lower Mn3+/Mn2+ ratio.30 The 

CAT-like activity of three different Co3O4 nanomaterials decreased in the order nanoplates > 

nanorods > nanocubes, being inversely proportional to their redox potentials. This result was 
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explained by considering that the cleavage of the O−O bond occurring during the reduction of H2O2 

by the nanomaterial (see Equation 2) is the rate-determining step in the CAT catalytic cycles.40 

Environmental pH controls the switch between Fenton chemistry (low pH) and catalase activity (high 

pH). This interesting behaviour could be at least in part caused by the pH dependence of the reaction 

between HO• and HOOH (equation 3), which is expected to be favored by the partial deprotonation 

of H2O2 (pKa=11.6).34 

H2O2 + HO• → O2
•‒ + H2O + H+                       (Eq. 3) 

On the basis of theoretical calculation, it has been proposed that the pH switch in the case of gold 

nanorods, core-shell gold-platinum and gold-palladium nanorods, is due to the absorption of either 

H+ or HO‒ on the metal surface.23 The calculated adsorption energies between H2O2 and metals has 

been also proposed as convenient descriptors to estimate the relative enzymatic activities of the metals 

with similar surface structures.23  

 

Table 1. Intrinsically antioxidant nanoparticles: mechanisms of action and chemical assays used to 

evaluate their activity.  

Nanoantioxidant Action Assay Ref. 

Polyvinylpyrrolidone 

coated Au NPs 

Catalase mimic (pH>7) H2O2 decrease (spectrophotometric), O2 evolution 

(EPR) 

24 

Cerium oxide NPs Catalase mimic (pH>7) H2O2 disappearance (spectrophotometric), O2 

generation from H2O2 (Clark electrode) 

29 

Co3O4 NPs Catalase mimic (pH>7) O2 generation from H2O2 (Clark electrode) 28 

33 

Au nanorods; core-shell 

Au@Pt nanorods; core-

shell Au@Pd nanorods 

Catalase mimic (pH>7) H2O2 decrease (spectrophotometric), O2 evolution 

(Clark electrode) 

23 

Apoferritin coated Pt NPs Catalase mimic (pH>7) H2O2 consumption, formation of bubbles attributed to 

O2 

25 

Pt nanopowder Catalase mimic (pH>7) O2 detection by EPR line broadening 26 

Mn3O4 “nanoflowers” Catalase mimic (pH>7) H2O2 decrease (spectrophotometric) 30 

Dimercaptosuccinic acid 

coated Fe3O4 NPs 

Catalase mimic (pH>7) O2 evolution (Clark electrode) 31 
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Eumelanin-silica NPs Catalase mimic H2O2 decrease (Ferrous xylenol orange assay) 32 

V2O5 nanowires GPX mimic Glutathione reductase coupled assay 

(spectrophotometric), change in absorbance of 

coenzyme NADPH at 340 nm 

41 

Graphene oxide supported 

selenium NPs 

GPX mimic Glutathione reductase coupled assay 

(spectrophotometric) 

43 

Mn3O4 “nanoflowers” GPX mimic Glutathione reductase coupled assay 

(spectrophotometric) 

30 

Polyacrylic acid (PAA)-

protected Pt NPs 

Chain-breaking,  Inhibit linoleic acid peroxidation (O2 consumption by 

Clark electrode), DPPH (spectrophotometric), 

AAPH-derived radicals scavenging (EPR detection) 

56 

Oleic acid coated cerium 

oxide NPs 

Chain-breaking AAPH-derived radicals scavenging (ORAC assay) 57 

ZrO2 NPs Chain-breaking DPPH (spectrophotometric) 58 

PEG coated melanin NPs Chain-breaking DPPH (spectrophotometric and EPR) 59 

PEG coated melanin NPs SOD mimic EPR study of the reaction with KO2 with 5-

diethoxyphosphoryl-5-methyl-1-pyrroline N oxide 

(DEPMPO), O2 evolution (Clark electrode)  

54 

Polyvinylpyrrolidone 

coated Au NPs 

SOD mimic Xanthine/xanthine oxidase and a spin-trap with EPR 

detection 

24 

Glycine coated Cu(OH)2 

NPs 

SOD mimic  Xanthine/xanthine oxidase and iodonitrotetrazolium 

chloride (spectrophotometric) 

48 

PEG coated MnO NPs SOD mimic Xanthine/xanthine oxidase and cytochrome C 

(spectrophotometric) 

49 

PEG coated carbon 

nanoclusters 

SOD mimic EPR study of the reaction with KO2 50 

Pd nanocrystals SOD mimic Xanthine/xanthine oxidase and a spin-trap with EPR 

detection 

47 

Pt nanopowder SOD mimic Xanthine/xanthine oxidase and a spin-trap with EPR 

detection 

26 

Mn3O4 “nanoflowers” SOD mimic Xanthine/xanthine oxidase and iodonitrotetrazolium 

chloride (spectrophotometric) 

30 

dimercapto succinic acid 

coated Co3O4 NPs 

SOD mimic Xanthine/xanthine oxidase and a spin-trap with EPR 

detection 

33 

Multiwalled carbon 

nanotubes 

SOD mimic Xanthine/xanthine oxidase and cytochrome c 

(spectrophotometric) 

52 

Functionalized fullerene SOD mimic Reaction with KO2 (spectrophotometric)  52 

Tris-malonyl-C60 SOD mimic Xanthine/xanthine oxidase and cytochrome c 

(spectrophotometric) 

53 
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GPX mimics. Differently from catalase activity that is common for many metal and metal oxide 

materials, glutathione peroxidase (GPX) activity has been discovered only in the case of vanadium41 

and manganese30 oxides (see Table 1). V2O5 nanowires are able to mediate the reduction of H2O2 to 

H2O at the expenses of glutathione (GSH), under physiological conditions, thanks to the unique 

ability of V2O5 to form polar peroxido species instead of HO• radicals (equation 4).42  

2 GSH + H2O2 → GS-SG + 2 H2O               (Eq. 4) 

GPX-like activity is instead common for compounds containing heavy chalcogen atoms, in particular 

selenium and tellurium. In fact, selenium nanoparticles supported on graphene oxide showed good 

GPX-like activity, thanks to the large surface area and the fast reactivity of these nanocomposites.43 

SOD mimics. Antioxidants that trap superoxide radical need to be considered separately because, 

although the superoxide belongs to the family of peroxyl radicals, its peculiar chemistry distinguishes 

it from alkylperoxyl radicals. The conjugated acid of superoxide (HOO•) has a pKa value of 4.5, 

therefore at physiologic pH the main form of superoxide is O2
•‒.44 When protonated (i.e. neutral, 

HOO•), superoxide has a two-faced behavior, as it can both abstract an H atom to form HOOH, and 

it can donate the H atom to form O2.
44 On the other hand, deprotonated O2

•‒ is mainly a reducing 

species.45 Self-decay of superoxide is due to the reaction between the protonated and the deprotonated 

species, as illustrated by equation 5 (kH2O = 8.9×107 M-1s-1), while, at low pH and in organic solvents, 

the reaction between two protonated species becomes important, (equation 6, kH2O = 7.6×105 M‒1s‒

1). Instead, the reaction of two deprotonated radicals does not occur.46 

O2
•‒ + HOO• + H+ → O2 + H2O2             (Eq. 5) 

HOO• + HOO• → O2 + H2O2                  (Eq. 6) 

The self-decay of superoxide is, therefore, strongly pH-dependent, having a maximum rate at pH = 

4.5, and becoming slower on increasing the pH. At pH = 7.4, this reaction has an apparent rate 

constant of 2×105 M‒1s‒1, making self-decay inefficient.  This is conceivably the reason why Nature 
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has developed the enzyme superoxide dismutase: to accelerate the process and decrease superoxide 

concentration into physiologic limits.12 In case of superoxide overproduction by cells, the small 

amount of HOO• present at pH = 7.4 is able to initiate lipid peroxidation and cause radical damage 

to biomolecules. From a mechanistic point of view, quenching HOO•/O2
•‒ is simpler than quenching 

ROO• radicals, because the electron needed for the reduction of O2
•‒ / HOO• to H2O2 can be provided 

by the oxidation of superoxide to oxygen (O2
•‒ → O2 + e‒), while protons are taken from solvent, as 

shown in Scheme 2. To achieve high SOD-like activity both the reduction and oxidation reactions 

must be very fast, since the slowest reaction limits the overall catalytic efficiency (kcat), as shown in 

the equation 7, where k1 and k2 are the reductive and the oxidative reactions, respectively (see Scheme 

2).15 

kcat = 2 k1k2/(k1+k2)                     (Eq. 7) 

As a matter of facts, SOD-like activity has been demonstrated for nanomaterials having very different 

compositions: noble metals24,26,47 (gold, platinum, palladium), metal oxides30,33,49 (cerium, cobalt, 

manganese oxides), carbon clusters,50 carbon nanotubes,51 fullerenes,52,53 melanin54 (see also Table 

1). Interestingly, SOD-like and GPX-like activities were achieved at the same time in a “multi 

nanozyme” based on MnO2 nanoparticles deposited on V2O5 nanowires through polydopamine.55 
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Scheme 2. SOD-like activity of nanomaterials. 

 

Chain-breaking. As previously noted, the chain-breaking antioxidant action requires instead that a 

given nanomaterial is able to quench alkylperoxyl radicals, by transforming them into 

hydroperoxides.56,57,58,59 The quenching of alkylperoxyl radicals (ROO•, where R is an alkyl, e.g. 

from lipids) requires an electron and a proton,60 which can be donated in a concerted fashion by an 

H-atom donating antioxidant AH (equation 8), or can be provided separately by an electron-donating 

antioxidant (D) and a protic solvent SolvH (equation 9).61 

ROO• + AH → ROOH + A•                                   (Eq. 8) 

ROO• + D + SolvH → ROOH + D•+ + Solv‒         (Eq. 9) 

As a guide to understand the behavior of these nanomaterials, it is useful to consider that of simpler 

antioxidants. Phenols, diarylamines and ascorbate are well-known small-molecules antioxidants that 

possess weak N-H or O-H bonds and act as formal hydrogen-atom donors (equation 8). The bond 
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dissociation enthalpy (BDE) of the phenolic O-H group of -tocopherol is 78 kcal/mol, i.e. it is much 

smaller than that of the ROO-H bond of alkyl hydroperoxides (BDE ≈ 85 kcal/mol).62 These 

antioxidants can transfer at the same moment an electron and a proton to ROO• and are, therefore, 

very versatile, because they are active also in media in which protons are not available. Actually, this 

kind of antioxidants is active by different degrees in all media, ranging from apolar solvents to 

water.63 Nanoparticles having cleavable O-H groups on the surface, such as lignin and melanin ones, 

behave in a similar fashion (Scheme 3). Lignin nanoparticles, for instance, show antioxidant activity 

in apolar polymers such as natural rubber,64 as well as in methanol.65 

 

 

Scheme 3. Chain-breaking activity of nanomaterials. 

 

Beside formal H-atom donors, also electron-donating molecules can potentially show chain-breaking 

activity, but their efficacy is strictly linked to the availability of H+ in solution. The small-molecule 

antioxidant 2,2,6,6-(tetramethylpiperidin-1-yl)oxyl radical (TEMPO) can be taken as an example. 

TEMPO is a stable radical that easily donates an electron to form the corresponding oxoammonium 

cation (Scheme 4). 
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Scheme 4. 

 

Interestingly, the antioxidant activity of TEMPO is negligible in aprotic solvents while it increases 

considerably upon addition of acids and in water, showing that radical quenching by TEMPO needs 

the availability of H+ from the reaction medium.66,67 Similarly to TEMPO, many metal nanomaterials 

are good radical quenchers in aqueous systems thanks to the presence on their surface of electron-

donating sites, which may be inherently present such as in cerium oxide68 and in platinum NPs,56 or 

they may be formed by UV-irradiation, as in case of titanium and zinc oxide nanoparticles.69 

 

3) INERT SCAFFOLD WITH ANTIOXIDANT FUNCTIONALITIES 

Despite the high number of currently known antioxidants, many challenges still exist in specific 

applications that include food technology, cosmetics and pharmaceutical technology or biomedical 

applications. Typical problems displayed by “traditional” small-molecule antioxidants are: their 

potential toxicity, their leaching or migration to unwanted compartments; their sensitivity to 

atmospheric oxygen, or to oxidase enzymes that causes loss of performance with time. Grafting small-

molecule antioxidants to nanomaterials has been recently proposed as an innovative way to improve 

their characteristics. Pristine nanomaterials should display absence of toxicity, low cost and facility 

of functionalization. 

A proof-of-concept of the efficacy of antioxidants grafted to a nanomaterial was reported about ten 

years ago by Liu and co-workers,70 who attached Trolox, a synthetic analogue of -tocopherol, or 

salvianic acid71 to thiol-capped gold nanoparticles. The radical trapping ability of Au@Trolox was 

better than that of Trolox itself, suggesting that this strategy would not cause decrease of antioxidants 
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properties. The food-grade antioxidants caffeic acid72 and gallic acid73 were covalently attached to 

SiO2 NPs of different sizes by using aminopropyl-triethoxysilane (APTES) as the linker. Silica is 

considered biochemically inert, and finds use as flowing-aid for nutraceutical and pharmaceutical 

products. SiO2-linked gallic acid showed a good radical trapping ability, and could be reused without 

loss of activity. Interestingly, authors showed that after the reaction with free radicals, these 

nanoparticles underwent to significant agglomeration, presumably for the presence of cross coupling 

of the free radicals on the surface.74 A similar approach was used to link the phenolic antioxidants 

Trolox or curcumin on graphite-coated cobalt magnetic nanoparticles,75 or on the outer surface of 

halloysite nanotubes.76,77 Halloysite (HNTs) is a natural aluminosilicate clay, with a hollow tubular 

structure (up to 800 nm in length and 80 nm in external diameter) consisting of (moderately acidic) 

siloxane groups on the outer surface and (basic) aluminol at the inner surface, allowing different 

selectivity for molecules grafted in either surface. Curcumin was covalently linked on the surface of 

halloysite nanotubes by means of a disulfide bridge, which afforded thiol dependent release without 

compromising the ability of curcumin to trap free radicals.76 Trolox, a mimic of natural -tocopherol, 

was selectively grafted on the HNT external surface by using APTES as the linker (HNT-Trolox), 

while quercetin, a natural polyphenolic antioxidant, was loaded into the inner lumen to afford a bi-

functional nanoantioxidant77 (see Figure 2). This material showed excellent antioxidant properties 

against the peroxidation of model substrates, which was explained as due to Trolox acting as main 

radical quencher, and quercetin functioning as co-antioxidant. 
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Figure 2. Upper part: procedure for grafting Trolox on the surface of halloysite nanotubes; lower part: 

loading of quercetin in the inner lumen of nanotubes. Reproduced from Ref. 77 with permission from 

The Royal Society of Chemistry. 

 

However, the stoichiometry of radical trapping of HNT-Trolox was about 1, that is halved with 

respect of the factor of 2, which is observed for Trolox and is expected in the case of mono-phenolic 

antioxidants (see Scheme 1). This observation was explained as the effect of the cross coupling of the 

phenoxyl radicals of Trolox that hampers the trapping of the second radical by the antioxidant. It was 

proposed that quercetin included in the lumen of HNT prevents this side reaction and prolongs the 

antioxidant effect of the material.77 

Other examples of antioxidant covalently bound to nanomaterials involve fullerenes and carbon 

nanotubes. These nanomaterials have a small intrinsic antioxidant activity, which is directed 
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essentially toward HO• and alkyl radicals.78 However, decorating their surface with small molecule 

antioxidants such as synthetic phenols79,80 or natural flavonoids81,82 can largely extend their 

antioxidant behavior by conveying peroxyl radical-trapping activity. Some examples are reported in 

Table 2. 

Antioxidant enzymes can be linked or adsorbed on the surface of nanomaterial to improve their 

resistance to environmental effects, which could otherwise lead to denaturation and activity loss. 

Superoxide dismutase was adsorbed on the surface of a layered double hydroxide83 or on ceria 

nanoparticles84 without activity loss (see Table 2). 

 

 

Table 2. Antioxidants supported by nanoparticles: mechanisms of action and chemical assays used to 

evaluate their activity.   

Nanoantioxidant Action Assay Ref. 

Curcumin linked to halloysite 

nanotubes 

Chain 

breaking 

Inhibited autoxidation O2 consumption (pressure 

sensor), DPPH (spectrophotometric) 

76 

Trolox linked to halloysite 

nanotubes 

Chain 

breaking 

Inhibited autoxidation O2 consumption (pressure 

sensor), DPPH (spectrophotometric) 

77 

Trolox linked to graphite-coated 

Co magnetic NPs 

Chain 

breaking 

Inhibited autoxidation O2 consumption (pressure 

sensor) 

75 

Caffeic acid or rutin linked to 

mesoporous silica  

Chain 

breaking 

ORAC 72 

Trolox linked to Au NPs  Chain 

breaking 

DPPH• (EPR detection) 70 

Salvianic acid linked to Au NPs Chain 

breaking 

DPPH• (EPR detection) 71 

Gallic acid linked to SiO2 coated 

Ag NPs 

Chain 

breaking 

DPPH• (spectrophotometric and EPR) 73 

Gallic acid linked to SiO2 NPs Chain 

breaking 

DPPH• (spectrophotometric and EPR) 74 

BHT linked to single-walled 

carbon nanotubes 

Chain 

breaking 

ORAC 79 
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BHT linked to [60]fullerene Chain 

breaking 

Inhibited autoxidation, O2 consumption (pressure 

sensor) 

80 

Flavonoids linked to 

[60]fullerene 

Chain 

breaking 

Inhibited autoxidation, O2 consumption (pressure 

sensor) 

81 

SOD adsorbed on layered double 

hydroxide NPs 

SOD 

mimics 

Xanthine and xanthine oxidase, nitroblue 

tetrazolium (spectrophotometric) 

82 

SOD adsorbed on Ce Nps SOD 

mimics 

Xanthine and xanthine oxidase, hydrosoluble 

tetrazolium salt (spectrophotometric) 

84 

CAT adsorbed on Ce Nps CAT 

mimics 

Amplex red assay 84 

 

 

 

 

 

4) CHEMICAL METHODS TO MEASURE ANTIOXIDANT ACTIVITY 

4.1 Catalase activity 

Catalase activity of nanoantioxidants (equation 1) is measured by assessing the decrease of the H2O2 

concentration and the formation of O2 from H2O2. One of the most popular methods to measure H2O2 

concentration consists in following the absorbance change of the solution at 240 nm. The absorption 

spectrum of hydrogen peroxide, measured from 200 to 400 nm, is shown in Figure 3A.85 Although 

H2O2 does not have an absorbance maximum at 240 nm, this wavelength is chosen as a compromise 

between sensitivity, interferences of other substances in solution, and degradation of H2O2 due to the 

UV beam used by the spectrophotometer. The extinction coefficient at 240 nm is 43.6 M‒1cm‒1.86 
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Figure 3. A) UV absorption curve of hydrogen peroxide in distilled water.  = molar extinction 

coefficient (data taken from ref.85). B) Sensor for H2O2 based on the cleavage of a boronate group.87 

C) Mechanism underlying Amplex Red detection of H2O2. D) Iron-chelating agent xylenol orange.  

 

This method is suitable to measure catalase-like activity for systems in which there are no other 

strongly absorbing species at 240 nm, and when interferences due to light scattering in the sample 

(e.g. due to suspended nanomaterials) are small and constant during the reaction course. In order to 

improve the sensitivity and make the spectrophotometric detection possible in a broader range of 

samples, methods based on the reaction with a probe have also been developed. The ferrous xylenol 

orange assay relies upon the rapid hydroperoxide-mediated oxidation of Fe2+ under acidic conditions. 

The product Fe3+ forms a chromophore with xylenol orange which absorbs strongly at 560 nm (Figure 



20 

 

3D). Although this method detects lower concentrations of H2O2, it is plagued by the interference of 

reducing agents (such as ascorbic acid and glutathione), that can bring back Fe3+ to Fe2+. Therefore, 

it should be used with caution when assessing hydroperoxide levels in the presence of antioxidants.88 

The Amplex® Red assay is based on the reaction of H2O2 with N-acetyl-3,7-dihydroxyphenoxazine 

in the presence of horseradish peroxidase (HRP), to form a colored and fluorescent product, 

resorufine (Figure 3C).89 Limitations of this assay include the interference by reducing agents and 

Amplex Red decomposition by light.90 Probes based on the reaction of H2O2 with boronate esters 

have been developed to overcome the problems of low sensitivity and interferences. In this approach, 

a boronate ester is implemented in the structure of a dye to quench its fluorescence emission, and the 

reaction of H2O2 with the boronate group triggers a fluorescence turn-on response. (Figure 3B) The 

recent developments of this technique have been reviewed.91 

A conceptually simple approach to follow catalase activity consists in monitoring O2 evolution during 

the reaction: visual detection of bubbles formation is a qualitative method often employed to rapidly 

assess catalase activity of nanomaterials. For instance, in Figure 4A, formation of O2 inside of EPR 

(electron paramagnetic resonance) tubes when mixing H2O2 and various kinds of Au nanoparticles is 

reported.24 Quantitative CAT activity have been obtained with minimal equipment by monitoring the 

height of foam formation inside test tubes in the presence of the neutral surfactant Triton X-100, upon 

calibration with standard CAT solutions.92 

Polarographic sensors based on a Clark electrode are the most common methods to determine O2 

formation. As they are suited to measure O2 concentration in real time, polarographic probes provide 

the rate of O2 formation and therefore allow to get kinetic insights.28 However, the main limitation of 

this method is the low solubility of O2 in water, which results in bubble formation when this limit is 

surpassed. 
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Figure 4. The catalase-like activity of Au NPs. (A) Observation of the O2 bubbles generated at 15 

min in 0.5 mM H2O2 without catalyst (a); with 5 U/mL catalase (b); with 10 nm Au NPs coated with 

polyvinylpyrrolidone (c); with 10 nm Au NPs coated with tannic acid (d); with Au nanorods (NRs) 

coated with polystyrenesulfonate (e), or coated with poly(diallyldimethylammoniumchloride) (f). (B) 

EPR spectra of 2,2,5,5-tetramethyl-3-pyrroline-3-carboxamide (CTPO) in absence or presence of 

catalysts in a closed chamber. Samples contained 0.1 mM CTPO, 0.5 mM H2O2 mixed without or 

with Au NPs (0.1 mg/mL) or 5 U/mL catalase in pH 11.0 buffer. Spectra were collected after 4 min 

of incubation. Reproduced from Ref. 24 with permission from Elsevier. 

 

Another method to determine dissolved O2 is the measurement of spectral line broadening by EPR 

spectroscopy. This experiment requires the presence of a suitable spin-probe, usually a stable and 

water-soluble dialkylnitroxide (see for instance Figure 4B). The line broadening is brought about by 

the magnetic interaction upon oxygen-radical collisions, often referred to as “Heisenberg spin 

exchance”.93 In figure 4B, the line broadening effect together with the loss of hyperfine structure of 

the EPR signal of a nitroxide spin probe due to the catalase activity of AuNPs is shown. As a general 

remark valid also for all enzyme-like activities, the CAT activity of a nanomaterial should be 
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compared to that of the natural enzyme, in order to allow a meaningful ranking of CAT-like ability 

of the nanomaterial. 

 

4.2 Glutathione peroxidase (GPX) activity  

The GPX-like activity can be measured indirectly by a coupled reaction with glutathione reductase 

(GR) (see Figure 5). Oxidized glutathione (GSSG), produced upon reduction of hydroperoxides by 

GPX, is recycled to its reduced state (GSH) by GR using NADPH as the reducing agent. The 

oxidation of NADPH to NADP+ is accompanied by a decrease in absorbance at 340 nm.  

 

 

Figure 5. GPX-like activity of vanadium oxide nanowires measured by GR coupled assay. A) 

Reaction scheme of the assay; B) Plot of the initial rate of NADPH consumption showing the unicity 

of the GPX-like activity of V2O5 among metal oxide nanomaterials. Reproduced from Ref. 41 by 

permission of Springer Nature, 2014. 

 

In organic solvents, and in any case in which the GR-coupled method cannot be applied because of 

the instability of the enzyme, thiol peroxidase activity can be measured by using thiophenol as 

reducing agent instead of GSH. This assay consists in mixing H2O2, thiophenol and the catalyst in 

methanol, and in monitoring the UV absorption of product diphenyl disulfide at 305 nm.94  
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4.3 SOD-like activity 

SOD activity can be assessed by generating a certain concentration of superoxide in the sample, and 

by detecting its level by means of a suitable probe. The most common source of superoxide is the 

molybdo-flavin enzyme xanthine oxidase (XO), which catalyzes the reaction between xanthine (X) 

and O2 to form uric acid and a mixture of O2
•‒ / H2O2. Under nearly physiologic conditions (21% O2 

and pH = 7.0) XO catalyzes the reduction of O2 to H2O2 and O2
•− in a ratio of about 3:1;95 therefore, 

this method produces more H2O2 than superoxide. Another useful source of superoxide is its 

potassium salt, KO2, which can be solubilized in polar aprotic organic solvents (i.e. 

dimethylsulfoxide) with the help of a crown ether (18-crown-6) and stored for relatively long time 

under strictly anhydrous conditions.50 Superoxide itself can not be easily detected, because it absorbs 

at low wavelengths and with a low extinction coefficient (270nm = 1330 M‒1 cm‒1). Its disappearance 

can instead be followed by its reaction with probes, which form stable products that can be analyzed 

by UV-vis or EPR spectroscopies. The most common probes are those based on water soluble 

tetrazolium salts (such as iodonitrotetrazolium chloride), which are reduced by O2
•‒ to highly 

absorbing formazan dyes (see Figure 6A).96,97 Alternatively, superoxide can be detected by following 

the absorption change at 550 nm due to the reduction of cytochrome c.98 However, as hydrogen 

peroxide, formed directly or as a product of superoxide dismutation, can oxidize back cytochrome c 

at rates comparable to those at which it is reduced by superoxide, this assay may underestimate the 

superoxide level. This problem can be partly reduced by adding catalase to the reaction.99 
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Figure 6. Methods to detect superoxide. A) reduction of iodonitrotetrazolium chloride to a formazan 

dye; B) formation of a nitroxyl radical adduct between BMPO and superoxide. 

 

EPR detection of O2
•‒ is based on the reaction of this radical with a nitrone, which forms a persistent 

nitroxyl radical that can be spectroscopically quantified. The detection of superoxide requires suited 

spin traps, such as 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO, see Figure 6B), or 

5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide (DEPMPO), which afford relatively stable 

adducts with superoxide. In fact, the adduct with 5,5-dimethyl-1-pyrroline N-oxide (DMPO), one of 

the most frequently used spin traps in free radical biology, spontaneously decays to the DMPO-

hydroxyl adduct in short times, making quantitation of superoxide by this spin trap nearly 

impossible.100 
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4.4 Chain-breaking antioxidant activity 

Chain-breaking antioxidant activity describes the ability to trap alkylperoxyl radicals (ROO•), that 

are the chain-carrying species of peroxidation reactions. These assays can be divided into three broad 

families, listed in order of descending similarity with real systems: i) inhibited autoxidation, ii) 

competitive probe reaction, and iii) indirect methods.  

Inhibited autoxidation methods are based on the comparison between the extent of the 

autoxidation of the substrate, both in the presence and in the absence of antioxidants. The oxidizable 

substrate may be represented by purified natural compounds (e.g. linoleic acid and its esters, 

phosphatidylcholine, 7-dehydrocholesterol), or by pure synthetic chemicals (styrene, cumene, 

tetrahydrofuran). The initiation of the autoxidation is usually induced by adding azo-initiators, such 

as the lipid-soluble AIBN (2,2′-azobis-isobutyronitrile), or water-soluble AAPH ((2,2′-azobis(2- 

amidinopropane) dihydrochloride). Their homolytic decomposition proceeds at a constant rate at a 

given temperature during the entire course of autoxidation, providing a constant rate of initiation. On 

the other hand, other kinds of initiation (spontaneous, or by means of iron and copper ions mixed to 

H2O2) are less reproducible. Methods based on inhibited autoxidation, mainly differ in the way the 

reaction is monitored.  

The measure of O2 consumption is perhaps the easiest way to follow an autoxidation reaction 

and it can be performed by various methods: by using a pressure sensor,75,76,80 a Clark electrode56 or 

by measuring the line broadening by EPR spectroscopy.56,59 These methods provide a quantitative 

measurement of the rate constant and the stoichiometry of the reaction of an antioxidant with ROO• 

radicals. Interestingly, oximetry methods do not suffer from interferences due to the strong optical 

absorption of nanomaterials that instead limits the use of methods based on spectrophotometric 

measurements (Figure 7).101 The analysis of the O2 consumption plots, such as those reported in 

Figure 7, provides two fundamental parameters that describe the chain-breaking antioxidant activity: 

the rate constant for the reaction with ROO• and the stoichiometry of radical trapping.8 
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Figure 7. Inhibition of the autoxidation of cumene in acetonitrile (A) or chlorobenzene (B) by 0.1 mg 

mL-1 of: halloysite nanotubes (HNT) (a), HNT loaded with quercetin (b), Trolox-grafted HNT (c) and 

Trolox-grafted HNT loaded with quercetin (d). Measures were performed by a pressure sensor. For 

the structures, see Figure 2. Reproduced from Ref. 77 with permission from The Royal Society of 

Chemistry. 
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Other methods to monitor the autoxidation reaction include the measure of hydroperoxides (the 

primary oxidation products) or the formation of late oxidation products, such as carbonyl compounds. 

The TBARS (thiobarbituric acid reactive species) assay is a semi-quantitative colorimetric method 

used to follow the autoxidation of polyunsaturated lipids. It is based on the reaction of 2-thiobarbituric 

acid (TBA) with malondialdehyde (MDA), which is one of the late oxidation products deriving from 

the decomposition or subsequent oxidation of hydroperoxides. The detection of late oxidation 

products like MDA suffers from limitations as compared to the monitoring of hydroperoxides 

formation or oxygen consumption, in that it does not allow to monitor the actual kinetics of the 

autoxidation reaction. Actually, such methods like the TBARS are typically applied in a “single 

point” fashion, i.e. the formation of oxidation products is assayed only after a fixed time: 

unfortunately, such approach can only provide qualitative information concerning the occurrence of 

autoxidation. Although it is common practice in the scientific literature to base the quantitative 

evaluation of antioxidants on the measurements of TBARS or other late oxidation products in a model 

system, we would like to warn on the dangers of this approach, as the amount of carbonyl compounds 

detected in the reaction mixtures is influenced by a number of experimental variables that are far 

beyond the effectiveness of the tested antioxidant. An in-depth discussion on these aspects has 

recently been provided.8 

 

In competitive probe reaction assays, antioxidants prevent the reaction between ROO• radicals and 

an oxidizable probe, whose reaction can be easily detected by some spectroscopic techniques. The 

most popular method of this category is the ORAC (oxygen-radical antioxidant capacity) assay, in 

which the antioxidant competes with a fluorescent probe (fluorescein) for quenching peroxyl radicals 

generated from AAPH (Scheme 5).57,72 After reacting with peroxyl radicals, emission at 520 nm of 

fluorescein decreases and the antioxidant activity is determined by the area-under-the curve of the 

intensity vs. time plot. 
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Scheme 5. Radical chemistry underlying the ORAC assay. The water-soluble azoinitiator AAPH 

forms alkylperoxyl radicals that react with fluorescein causing the loss of its fluorescence. In the 

presence of antioxidants, such as the vitamin E analogue Trolox, the fluorescence loss is slowed 

down. 

 

An alternative probe is represented by spin-traps able to afford stable adduct with peroxyl radicals, 

which can be detected by EPR spectroscopy. Because of the absence of an oxidizable substrate and 

of the lack of a kinetic analysis of the results, these methods provide only a semi-quantitative 

estimation of the antioxidant activity. In particular, the area-under-the-curve approach merges in 

unique value two distinct aspects of the antioxidant activity, i.e. the rate and the stoichiometry of the 

reaction with ROO•; therefore, it should be used with caution in chemical-physical studies.8 

 

Indirect methods are based on the reaction of the antioxidant with a stable radical, whose 

disappearance can be followed by spectroscopic techniques. EPR detection avoids interferences due 

to light scattering (Figure 8). Some colored radicals and radical precursors have been developed for 
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this purpose, such as 2,2-diphenyl-1-picrylhydrazyl (DPPH•) and 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS). These methods are very popular, although their 

limitations make them suitable only for preliminary screening procedures. The probes are chemically 

different from the peroxyl radicals formed during autoxidation of real systems, and, due to the 

experimental design, it is hard to establish whether the investigated compound can actually interrupt 

the chain reaction of autoxidation, or it is simply able to reduce the chosen probe. For instance, even 

H2O2, that can hardly be considered an antioxidant, is able to bleach DPPH•, presumably with the 

formation of superoxide as intermediate.102 Therefore, a good score in these indirect assays, on its 

own cannot be taken as a proof of antioxidant activity.8 Nevertheless, DPPH• and inhibited 

autoxidation methods can fruitfully be used together to have a clearer picture of both the reactivity 

and the stoichiometry of radicals trapping by the nanoantioxidants.77  
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Figure 8. (a) Decolorization of the DPPH• radicals in methanol reacting SiO2-GA NPs. (b) Time-

decay of UV−vis absorption and (c) the EPR signal the DPPH• radicals interacting with SiO2-GA 

NPs in methanol. GA = gallic acid. Reprinted with permission from Ref 74. Copyright 2012 American 

Chemical Society. 

 

4.5 Other methods 

4.5.1 Hydroperoxyl radicals quenching. The HO• radical is often encountered as initiating radical 

and as source of damage on biomolecules such as DNA and proteins. However, given its extreme 

reactivity toward all organic substrates, the possibility that an antioxidant traps it before it attacks the 

substrate is expected to be small in most systems.8 The 2-deoxyribose assay is a common method 

used to determine the ability to quench HO• radicals. This assay consists in incubating 2-deoxyribose 

with a Fe3+ salt, H2O2 and ascorbic acid, which acts as reductant and generates the catalytically active 

Fe2+ ion. The HO• radicals are then produced by the Fenton reaction between Fe2+ and H2O2 (see 

equation 2). The oxidation of the sugar is followed by measuring the absorbance of the solution after 

the addition of thiobarbituric acid (TBA). The activity of the HO• quencher is assessed as the ability 

to prevent the oxidation of 2-deoxyribose.103 The level of HO• present in solution can be estimated 

also by measuring its reaction with a colored probe, such as the chromogenic reagent methyl violet, 

which has a maximum absorbance at about 582 nm.104 Alternatively, HO• can be detected via its 

reaction with a spin trap such as 5,5-dimethyl-pyrroline N-oxide (DMPO), by using EPR 

spectroscopy.105 

4.5.2. Singlet oxygen (1O2). It is a powerful oxidizer which is formed after the energy transfer from 

an excited photosensitizer to ground-state, triplet O2. It causes the non-radical oxidation of many 

biological molecules, in particular unsaturated lipids.106 Singlet oxygen can be generated in vitro by 

exposing to light organic dyes, such as Rose Bengal (excitation at 560 nm), or nanoparticles such as 

ZnO (excitation at 340 nm).107 The level of 1O2 can be assessed by measuring its reaction with an 
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hindered amine (such as 2,2,6,6-tetramethyl-4-piperidone) to yield the corresponding nitroxide, 

whose presence can be detected by EPR spectroscopy.107,108  

 

4.6 How to avoid pitfalls in antioxidant activity determination of nanomaterials 

When applied to nanoantioxidants, methods based on spectrophotometric or fluorimetric detection 

suffer from interferences due to the overlap to the absorption bands of the probe or of the reaction 

products with that of the nanomaterial. Noble metal based nanomaterials display localized plasmon 

resonance properties at visible wavelengths, which cause strong absorption and/or intense scattering, 

which depend on the dimension, shape and surface of the nano objects. Moreover, interferences may 

not be constant during the assay, because of aggregation occurring during the assay. For instance, 

SiO2 NPs functionalized with gallic acid undergo extensive agglomeration after reacting with 

DPPH•.74 In the case of the tests based on stable radicals (such as DPPH•), these limitations can be 

overcome by using EPR detection or by removing the nanomaterial with centrifugation or filtration 

before the assay.101 However, because of the long time needed to separate the unreacted probe from 

the nanoantioxidant, in the second case only the stoichiometry of the reaction can be determined. 

Similarly, the suspension of other nanomaterials like SiO2 NPs or clay materials may give excessive 

light scattering and EPR spectroscopy could represent a valid alternative to spectrophotometry. 

Unfortunately, it can hardly be used in the case of ferromagnetic nanomaterials. Overall, the 

measurement of the oxygen consumption during an inhibited autoxidation by a Clark electrode or by 

a pressure sensor appears as the most reliable and versatile method, and one of the most appealing as 

concerns the ease of procedure and analysis, and the relatively low weight of interferences.109 Specific 

enzyme-like activities need to be assessed with specific assays (vide supra) and, ideally, a 

combination of those assays with inhibited autoxidation studies would compose a comprehensive 

fully informative picture of the antioxidant potential of a novel nanomaterial. 

 

5) CONCLUSIONS 
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This review highlights the progress made in recent years in the field of nanomaterials endowed with 

antioxidant properties. It provides a classification based on the mechanism of action and on the main 

chemical methods used to evaluate their activity. These materials can potentially overcome many 

limitations of small-molecule antioxidants, by exhibiting superior bioavailability, higher stability and 

the possibility to reach specific targets. However, nanoantioxidants pose also new challenges to the 

analytical determination of their radical trapping activity, mainly because of the strong absorption 

and scattering of the samples. Methodologies which don’t rely on spectrophotometric methods, in 

particular oximetry, may be considered as privileged tools to guide research towards increasingly 

effective materials. 
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