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Abstract

Covalent attachment of a phenolic antioxidant analogue of α-tocopherol to graphite-coated 

magnetic cobalt nanoparticles (CoNPs) provided a novel magnetically responsive antioxidant 

capable of preventing the autoxidation of organic materials and showing a reduced toxicity toward 

human cells.
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Antioxidants are actively investigated not only for technological purposes (i.e., for the 

stabilization of plastic, oils, and food)[1a–c] but also because they can modulate the redox 

balance inside the cells, and can thus influence some important biological processes, such as 

oxidative damage and cell death in a wide range of pathologies.[2a,b] Engineered 

nanoparticles (NPs) have recently emerged as an innovative and little explored method to 

obtain novel antioxidants with enhanced characteristics. For instance, bio-degradable NPs 

have been used to improve the bioavailability of natural antioxidants (such as 

curcumin),[3a–c] and a covalent link between SiO2–NPs and gallic acid was proposed for 

reducing its leaching and volatility.[4] Cerium oxide NPs (nanoceria) have been shown to be 

powerful antioxidants in biological systems acting as superoxide dismutase mimics.[5] 

Additionally, the generation of free radicals and the induction of oxidative stress have been 
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invoked to rationalize the toxicity of many types of NPs in biological systems.[6a–f] This is a 

particularly serious limitation to medical applications of NPs, such as targeted drug delivery 

or contrast agents, that require to avoid the use of intrinsically cytotoxic materials.[7a–b] 

Linking antioxidants to NPs may therefore represent a new strategy to reduce the toxicity of 

NPs.

Herein, we report the synthesis, the study of the chain-breaking antioxidant activity and the 

evaluation of the toxicity in human cells of graphite-coated cobalt magnetic NPs (CoNPs)[8] 

covalently linked to a phenolic vitamin E analogue antioxidant. These CoNPs have been 

recently proposed for many applications including catalysis,[9] water purification,[10] and in 

vivo blood detoxification,[11] and represent a promising scaffold to obtain novel “magnetic 

antioxidants”. Our results enlighten an unexpected role of NPs in increasing the radical 

scavenging, and suggest a possible role of the pendant vitamin E analogue in the reduction 

of the cytotoxicity of CoNPs.

Magnetic CoNPs functionalized with azido moieties (CoNPs–N3), were purchased from 

TurboBeads®, Switzerland. The nanoparticles have a metallic cobalt core, with a diameter of 

about 30 nm, coated by approximately three layers of graphitic carbon that render them air 

stable.[8] In CoNPs–N3, the concentration of azido functional groups is about 0.1 

mmolg−1.[9] From the density of the CoNPs and their mean radius,[8] we could calculate that 

about 6000 -N3 groups are attached to each CoNP. Preliminary experiments showed that 

these CoNPs (either with or without the azido functionalization) were inert toward the 

reaction with tert-butylhydroperoxide, a model for the hydroperoxides often present in 

organic materials (see the Supporting Information). The graphite layers efficiently isolate 

the metallic core, avoiding the pro-oxidant activity arising from homolytic decomposition of 

hydroperoxides, commonly observed for magnetic NPs.[12] For use in our studies the 

CoNPs–N3 were covalently linked to selected alkynes using an azide–alkyne cycloaddition 

catalyzed by CuI (CuAAC) under reaction conditions previously reported for similar multi 

functionalized systems (Scheme 1).[9]

Two particles were generated for our study. A control particle (CoNPs–Oct) was obtained 

through reaction of CoNPs–N3 with 1-octyne (Oct). The terminal acetylenic antioxidant 

portion (TOH) was obtained by condensing undec-10-yn-1-ol with Trolox, a phenolic 

antioxidant analogue of α-tocopherol (the main and more active component of vitamin E).[1] 

The resulting alkyne TOH was then reacted with CoNPs–N3 in toluene under ultrasound 

irradiation (that was a safe operation for TOH pendants, see the Supporting Information for 

details) as depicted in Scheme 1. The conjugated CoNPs–Oct and CoNPs–TOH were 

isolated by magnetic separation and repeatedly washed with fresh solvent and a NH3/EtOH 

solution to completely remove residual reagents and/or catalysts possibly dispersed in the 

NPs surface coating.[13] The functionalization of CoNPs–N3 could be easily detected by FT-

IR by monitoring the disappearance of the N3 stretching peak at 2090 cm−1.[9] The 

concentration of the TOH moieties in CoNPs–TOH, considering the weight increase after 

functionalization, is 0.096 mmolg−1 (details of the preparation of the coupling reagent, of 

the coupling procedure as well as the purification of conjugated CoNPs are reported in the 

Supporting Information). Dried CoNPs–TOH could be stored in a closed vessel at room 

temperature in the dark for several months without any loss of activity.
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As a first test of the radical-trapping ability of CoNPs–TOH, we studied the reaction with 

the stable purple colored dpphC (diphenylpycrylhydrazyl) radical.[4] Although the reactivity 

with dpph˙ does not necessarily guarantee antioxidant activity,[14] this method is indeed 

valuable for screening purposes and, as reported in the Supporting Information, it showed 

clear evidence of the ability of CoNPs–TOH to quench dpph˙ radicals. Thus we moved on 

determining the antioxidant activity by measuring the reaction of functionalized CoNPs with 

alkylperoxyl radicals (ROO˙), which are the radicals responsible for the chain propagation in 

the autoxidation of organic compounds.[1a,c] The activity of the particles was determined 

through inhibition of the autoxidation of styrene.[15a–c] The reaction was initiated by 

azobis(isobutyronitrile) (AIBN) at 30°C in PhCN and was followed by measuring the 

oxygen consumption with an automatic gas uptake recording apparatus (see Figure 1).

The rotation of a magnetic stir bar was sufficient to keep CoNPs suspended in solution, as 

shown in Figure 1 B. From the O2 consumption rate, measured in the presence of the 

antioxidants, the rate constants for the reaction with ROO˙ radicals (kROO) reported in Table 

1 could be measured (see the Supporting Information for details).[15a–c] The length of the 

inhibited period (τ) provided the number of radicals trapped by each TOH (n) by the 

equation n = Ri τ/[TOH], where Ri is the rate of radical production by AIBN. In the case of 

CoNPs–TOH, the molar concentration of TOH moieties could be obtained from the amount 

(w/v) of nanoparticles in the sample and the loading of TOH moieties on the nanoparticles. 

In these experiments, CoNPs, CoNPs–N3, and CoNPs–Oct did not show any antioxidant 

effect, whereas TOH and CoNPs–TOH inhibited styrene autoxidation, due to the highly 

reactive α-tocopherol-like moiety.[15a,b] CoNPs–TOH showed an inhibition period followed 

by a weaker antioxidant effect (see Figure 1) and had a n value smaller than TOH, 

presumably because in the heterogeneous system not all pendant antioxidants have a similar 

exposure to the solution.

Remarkably, CoNPs–TOH showed a much larger kROO than TOH itself (see Table 1), 

suggesting that CoNPs play a unique role in promoting the reaction with alkylperoxyl 

radicals. Interestingly, a larger reactivity of antioxidants linked to NPs, with respect to those 

free in solution, has been previously noticed also in the case of gold nanoparticles 

functionalized with Trolox[16a] or salvianic acid.[16b] It has been speculated that these 

effects may be due to preconcentration of the radicals near the reactive OH moieties,[16a] or 

to π–π stacking between the phenolic aromatic rings.[16a,b] In our system however, we 

cannot exclude the possibility that the increased reactivity of antioxidants linked to NPs is 

due to the catalytic effect of the basic triazole group in proximity to the TOH moiety,[17a,b] 

or to a synergistic effect of the graphite surface that, like fullerenes, nanotubes or 

graphene,[18a–c] could act as a “sponge” of free radicals which would be subsequently 

quenched by the nearby pendant antioxidants.[19]

A preliminary indication of the effect of surface-bound antioxidants on the biological effects 

of selected CoNPs at high exposure concentrations was determined by cytotoxicity and 

oxidative stress induction studies on human cancer cell lines (HeLa, from uterine cervical 

cancer, and MG63, from bone osteosarcoma). The cytotoxicity of CoNPs was evaluated by 

measuring the ability of the cells to convert non-fluorescent resazurin to red-fluorescent 

resurofin (AlamarBlue test), while the oxidative stress levels were assessed by measuring 
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the intracellular oxidation of the fluorogenic 2′,7′-dichlorofluoroscein diacetate (DCFH-DA) 

to the highly fluorescent 2′,7′-dichlorofluorescein (DCF) upon reaction with reactive oxygen 

species (ROS).[20] Figure 2A shows that the viability of HeLa cells, measured after 24 h of 

incubation with suspensions of CoNPs, drastically decreased by increasing the concentration 

of NPs beyond 75 µg mL−1. Significantly, CoNPs–TOH showed almost no toxicity (p <0.05 

vs. all), while either CoNPs and CoNPs–Oct showed the higher cytotoxicity. Several 

mechanisms have been proposed, but still debated, to possibly explain the reasons behind 

these adverse cytotoxic effects,[6a–f] certainly the particles hydrophobicity and the induction 

of oxidative stress must be taken into account.[21] Indeed, the intracellular oxidative stress 

levels in HeLa cells steadily increased with the NPs concentration, particularly in the case of 

highly cytotoxic CoNPs–Oct (Figure 2 B), while CoNPs–TOH displayed the smallest 

oxidative stress among the graphite CoNPs tested. When the same measures were repeated 

on MG63 cells, we observed a very small induction of radical stress and mild toxicity for all 

the NPs tested (data shown in the Supporting Information). Taken together, these results are 

in good agreement with literature data[6c–f, 22] and indicate that the CoNPs induced 

production of ROS may be responsible for their adverse toxic effects, although with a large 

variability among different cell lines, and suggest that a pending antioxidant is able to 

reduce both oxidative stress and cytotoxicity.

In conclusion, magnetic CoNPs–TOH synthesized in the present work showed an 

outstanding antioxidant activity, having a reactivity toward peroxyl radicals nine times 

larger than that of TOH free in solution. Additionally, CoNPs–TOH have the smallest 

cytotoxicity and oxidative stress induction among all the CoNPs tested independently by 

their functionalization. Nevertheless, the effects of altered surface and potentially altered 

uptake and intracellular behavior require further (separate) investigations. Our results 

suggest that the attachment of antioxidant moieties on the surface of NPs represents a 

promising operation to obtain novel effective antioxidants and an expedient to reduce the 

cellular toxicity of nanodevices.
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Figure 1. 
A) Oxygen consumption during the autoxidation of styrene (4.3 M) in PhCN initiated by 

AIBN (25 mM) at 30°C without inhibitor, 3.8 µM of TOH or with 0.15 mg mL−1 of CoNPs, 

CoNPs–N3, CoNPs–Oct and CoNPs–TOH (corresponding to a concentration of TOH 
groups of 14.4 µM) ; Ri = 3.6 × 10−9 Ms−1. B) Photograph of the reaction vessels containing 

the NPs in the absence (left) and in the presence (right) of magnetic stirring.
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Figure 2. 
A) Viability and B) intracellular oxidative stress in HeLa cells after 24 h of incubation with 

increasing amount of NPs. Results are expressed as mean ± SD. * p <0.05 vs. CoNPs–TOH 
for each given concentration).
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Scheme 1. 
Synthesis of functionalized CoNPs–Oct and CoNPs–-TOH. Only one pendant is shown.
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Table 1

Rate constants for the reaction with peroxyl radicals (kROO) in PhCN, at 30 °C, and number of radicals 

trapped by each phenolic moiety (n) determined from styrene autoxidation studies.

kROO [104 m−1 s−1] n

CoNPs <0.1 –

CoNPs–N3 <0.1 –

CoNPs–Oct <0.1 –

CoNPs–TOH 560±150[a] 1.1±0.1[a]

TOH 64±10 2.2±0.2

[a]
Data referred to the first inhibition period, see text.
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