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Abstract

Nanotechnology-mediated antioxidative therapy is emerging as a novel strategy for treating a 

myriad of important diseases through scavenging excessive reactive oxygen and nitrogen species 

(RONS), a mechanism critical in disease development and progression. However, similar to 

antioxidative enzymes, currently studied nano-antioxidants have demonstrated scavenging activity 

to specific RONS, and sufficient antioxidative effects against multiple RONS generated in diseases 

remain elusive. Here we propose to develop bioinspired melanin nanoparticles (MeNPs) for more 

potent and safer antioxidative therapy. While melanin is known to function as a potential radical 

scavenger, its antioxidative mechanisms are far from clear and its applications for the treatment of 

RONS-associated diseases have yet to be well explored. In this study, we provide for the first time 

exhaustive characterization of the activities of MeNPs against multiple RONS including O2
•−, 

H2O2, •OH, •NO, and ONOO−, the main toxic RONS generated in diseases. The potential of 

MeNPs for antioxidative therapy has also been evaluated in vitro and in a rat model of ischemic 

stroke. In addition to the broad defense against these RONS, MeNPs can also attenuate the RONS-

triggered inflammatory responses through suppressing the expression of inflammatory mediators 

and cytokines. In vivo results further demonstrate that these unique multi-antioxidative, anti-

inflammatory and biocompatible features of MeNPs contribute to their effective protection of 

ischemic brains with negligible side effects.
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INTRODUCTION

Elevated levels of reactive oxygen and nitrogen species (RONS) have been implicated in the 

development and progression of a variety of diseases such as cancer, neurologic disorders, 

and inflammatory diseases.1,2 These active species react with proteins, nucleic acids and 

lipids, frequently causing irreversible tissue and organ damage. Superoxide anion radical 

(O2
•−) is the main initial RONS, which can be converted into toxic H2O2 by superoxide 

dismutase (SOD) or self-dismutation.3 To maintain the intracellular redox balance, multiple 

antioxidative enzymes (e.g., SOD and catalase) work conjointly to protect the human body 

from oxidative damage.4,5 However, these enzymes are overwhelmed by dramatically 

elevated O2
•−, and their adequate replenishment is generally impossible during disease 

development. Notably, O2
•− can further participate the generation of secondary RONS, in 

particular hydroxyl radical (•OH) and peroxynitrite (ONOO−), by the reaction with other 

molecules (e.g., H2O2 and •NO). These secondary RONS are considered more chemically 

reactive and can dramatically aggravate oxidative injury,6,7 while there are no specific 

enzymes targeting them. In addition, RONS can trigger severe inflammatory responses by 

rapid activation of resident immune cells, exerting secondary tissue injury through the 

production of more RONS and cytokines.8,9 These barriers highlight the need of developing 

innovative antioxidative strategies to simultaneously target these RONS for effective therapy.

Recent advances in nanotechnology have seen the development of several functional 

nanomaterials, such as carbon, platinum, ceria, manganese, and vanadium nanoparticles 

(NPs) with higher antioxidative activity and stability than natural enzymes.10–15 

Nevertheless, one significant hurdle to these nano-antioxidants is the high specificity of their 

antioxidative activity against RONS (mainly H2O2), which may fail to sufficiently prevent 

oxidative damage, given the multiple RONS generated in diseases. Moreover, the potential 

deleterious health effects associated with these exogenous nanomaterials, such as the 

generation of oxidative stress, immune cell activation, mitochondrial respiration, and 

genotoxicity, remain another intractable problem for in vivo applications.16,17 Thus, we 

think that an ideal nano-antioxidant needs to possess at least the following features: i) robust 

scavenging of multiple primary and secondary RONS; ii) highly stable antioxidative activity 

against oxidative damage; iii) capability to block RONS-triggered inflammatory activation; 
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and iv) good biocompatibility. To the best of our knowledge, it remains challenging for 

current antioxidative nanomaterials to meet all these criteria.

Naturally occurring biopolymers in living organisms have inspired the generation of 

biocompatible, bioregenerative, and biodegradable nanomaterials for biomedical 

applications, with the potential of avoiding the side effects associated with exogenous 

nanomaterials.18–20 Melanin, a heterogeneous biological polymer presenting in most 

organisms including human, has attracted increasing attention for molecular imaging and 

photothermal therapy, due to its intrinsic photoacoustic signal, strong chelating capability to 

metal ions, and near-infrared absorbance.21–23 Melanin also plays an important role in 

protecting skin against ultraviolet (UV) irradiation, which is presumably attributable, at least 

in part, to its ability to intercept and deactivate radical species generated by UV light.24 

Notably, melanin contains a population of functional groups such as catechol, amine, and 

imine, which we hypothesize could detoxify multiple RONS. Although previous studies 

have shown the potential of melanin in radical scavenging,25,26 its antioxidative mechanisms 

remain poorly understood, and very few studies have thus far explored their potential for the 

in vivo treatment of RONS-associated diseases.

Herein, we reveal the detailed mechanisms underlying the antioxidative effects of water-

soluble MeNPs, by comprehensive analysis of their scavenging activities against multiple 

RONS. Our data also provide strong evidence for their roles in suppressing RONS-induced 

inflammation activation. In vivo studies in a rat model of ischemic stroke clearly 

demonstrate the feasibility of using melanin as a robust antioxidant to protect the ischemic 

brain from RONS-induced damage, with negligible side effects. We expect that this study 

will lay the foundation for further work to elucidate the protective effects of melanin and 

other similar biomaterials against ischemic brain injury, and yield valuable insight into the 

development of safe and efficient antioxidants to treat a wide range of RONS-associated 

diseases.

RESULTS AND DISCUSSION

Preparation of PEG-MeNPs and their O2
•− scavenging mechanism

Highly water-dispensable MeNPs were prepared by a straightforward method we recently 

developed.21 To further improve physiological stability, amine-terminated polyethylene 

glycol (PEG) was conjugated to the surface of MeNPs. Under basic conditions, the catechol 

groups in MeNPs can be oxidized into the corresponding quinone, which can then react with 

the nucleophilic amine groups in the PEG by means of the Schiff base reaction.28–29 

Alternatively, the nucleophilic amine groups in the PEG react with dihydroxyindole/

indolequinone groups in MeNPs through the Michael addition reaction.22,27–29 The 

conjugation of PEG to the MeNPs was confirmed by FTIR and 1H NMR analysis (Figure 

S1). After PEG modification, the MeNPs are stable under the physiological condition 

without any obvious aggregation, as determined by dynamic light scattering (DLS) (Figure 

S2). Transmission electron microscopy (TEM) image of PEG-MeNPs showed uniform and 

monodisperse spherical structures with an average diameter of ~120 nm (Figure 1A). As 

O2
•− is the primary and most toxic ROS, and has also been identified as the main oxidant in 

various cell types,30–32 we first examined the antioxidative activity of PEG-MeNPs towards 
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O2
•− using electron paramagnetic resonance (EPR) spectroscopy. The spin trap agent 5-

diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DEPMPO) was used to produce a stable 

paramagnetic adduct DEPMPO-OOH upon reaction with O2
•−.33 As shown in Figure 1B, 

neither water nor PEG molecules had any impact on this reaction, as evidenced by the strong 

EPR signals of DEPMPO-OOH. In contrast, similar to SOD, both MeNPs and PEG-MeNPs 

reduced the EPR amplitude of DEPMPO-OOH nearly to background levels, indicating that 

these NPs were robust scavengers of O2
•−.

To understand the mechanisms involved in the potent detoxification of O2
•− by PEG-

MeNPs, we employed X-ray photoelectron spectroscopy (XPS) to monitor the changes of 

various elements in PEG-MeNPs after reaction with O2
•−. XPS analysis revealed only slight 

increase of relative oxygen level in the PEG-MeNPs (Figure S3), indicating that covalent 

reaction with O2
•− may not be the dominant mechanism of their O2

•− scavenging activity. 

This is consistent with the results of TEM and X-ray diffraction (XRD), in which no 

apparent difference in the shape, particle size, or structure of PEG-MeNPs was found after 

addition of O2
•− (Figures S4 and S5). On the other hand, a large quantity of bubbles was 

generated when O2
•− was added into the PEG-MeNPs solution (Figure 1C), suggesting that 

the O2
•− scavenging mechanism could probably be attributed to the SOD-mimic catalytic 

transformation of O2
•− to O2. To verify this, a dissolved-oxygen meter was employed to 

monitor the kinetics of O2 generation. Without the NPs, relatively slow O2 production was 

observed because of the self-dismutation of O2
•−. With PEG-MeNPs, the O2 generation rate 

was dramatically accelerated, while the total amount of O2 produced remained unaltered 

(Figure 1C). A further increase in O2
•− concentration elicited similar catalytic effects (Figure 

1D). After subtraction of self-produced O2 from the control group followed by plotting of 

the reaction rate to the concentration of O2
•−, a typical Michaelis-Menten kinetic curve was 

obtained (Figure 1E), further confirming the enzymatic behavior of the NPs. The turnover 

number (kcat) was calculated to be 216,000 s−1. In addition, Figure 1F shows that the PEG-

MeNPs exhibited a similar catalytic activity to SOD, a key antioxidative defense in the 

human body against O2
•− radicals. Notably, unlike enzymes which are generally susceptible 

to pH changes,34 the catalytic activity of PEG-MeNPs remains similar under different pHs 

or between different batches (Figure S6). Moreover, PEG-MeNPs maintained the high 

catalytic activity even after one-year storage at 4 °C (Figure S7). All these results indicate 

the excellent antioxidative stability of PEG-MeNPs.

Considering that melanin is known to possess stable un-paired electrons at the center of the 

stacked units,27 the efficient and stable catalysis of O2
•− dismutation by PEG-MeNPs may 

be ascribed to the radicals in the polymer matrix, which could act as catalytic centers for 

electron removal from superoxide.15 EPR analysis further confirmed the strong free radical 

signal from PEG-MeNPs (Figure 2A). It is worth noting that these free radicals were quite 

stable under different pHs, in the presence of the radical scavenger glutathione (GSH), or 

after reaction with O2
•− for multiple times.

Next we quantified the generation of H2O2, another ROS product of the dismutation reaction 

of O2
•−, using Amplex Red as the indicator. Amplex Red is colorless but reacts with H2O2 to 

form a colored product (resofurin) in the presence of horseradish peroxidase (HRP).35 Upon 

the addition of O2
•− and PEG-MeNPs, the Amplex Red and HRP solution became pink 
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immediately (Figure 2B), indicating the presence of H2O2. As a reference, the O2
•− solution 

was allowed to undergo self-dismutation for 5 min and added into the solution of Amplex 

Red and HRP, after which the absorbance of the produced resofurin was measured. The 

spectrum overlap between the two reactions suggested that the total amount of H2O2 

generated by PEG-MeNPs catalysis was equal to that by self-dismutation of O2
•−. The molar 

correlation between the generated H2O2 and O2 was also consistently ~1:1 in the PEG-

MeNP-catalyzed reactions (Figure 2C). It is noteworthy that when we prolonged the pre-

incubation time between PEG-MeNPs and O2
•−, the absorbance intensity of produced 

resofurin was found to be lower than that induced by self-dismutation of O2
•− (Figure S8). 

We postulated that the decreased H2O2 could be the result of the reaction between PEG-

MeNPs and H2O2 (Figure S9), as melanin in human hairs is known to be bleached by 

H2O2.36 This H2O2 attenuation capability makes PEG-MeNPs superior to SOD, which is 

inert to H2O2 and requires other antioxidative molecules (e.g., catalase, glutathione, or 

Vitamin E) to scavenge this ROS. It should be noted, however, that these detoxifying 

molecules are generally overwhelmed by dramatically elevated radical levels and their 

adequate replenishment is impossible in diseases,37 which may also explain why SOD 

treatment has shown limited therapeutic efficacy in oxidative stress-associated diseases.38

To further clarify the catalytic mechanism of MeNPs, we also measured OH−, which is 

stoichiometrically generated in the dismutation reaction. As expected, the pH increase 

induced by self-dismutation of KO2 was almost the same as that caused by the addition of 

the same molar KOH (Figure 2D). The addition of PEG-MeNPs to KO2 led to a slightly 

lower pH value (~10.14) as compared to KOH control (~10.29). This may be attributed to 

the buffering capacity of the residual catechol groups in PEG-MeNPs,39 as suggested by the 

pH value (~10.15) of the mixture of PEG-MeNPs and KOH. Considering all these results, 

we speculated that the SOD-mimic catalysis of O2
•− by melanin could be rep-resented by the 

following half-reactions:

Multi-antioxidative activities of PEG-MeNPs

Scavenging secondary RONS remains a formidable challenge for currently investigated 

antioxidative materials. •OH and ONOO− are among the most toxic secondary RONS 

generated in diseases,40 both of which can contribute to lipid peroxidation, protein 

oxidation, and nucleic acid damage (Figure 3A). In general, •OH is generated via Fenton-

type reactions between H2O2 and reduced transition metal ions (e.g., Cu+ and Fe2+) in 
vivo.41,42 O2

•− is essential in this process because it not only produces a large amount of 

H2O2 through self-dismutation and SOD catalysis, but also serves as an reducing agent for 

metal ions.43 By EPR analysis, we observed that PEG-MeNPs could also scavenge •OH, as 

evidenced by the decreased signal of DEPMPO-OH, a paramagnetic adduct arising from the 

reaction of DEPMPO with •OH (Figure 3B). Notably, when PEG-MeNPs was pre-added into 

the reaction system containing DEPMPO and Cu+ ions, the subsequent addition of H2O2 did 

not lead to EPR signal of DEPMPO-OH compared to the control group. We reasoned that 
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PEG-MeNPs could impede the Fenton reaction, presumably due to the strong chelating 

capability of melanin with transition metal ions,44 thereby blocking the generation of •OH.

Nitric oxide (•NO) plays important physiological roles in normal conditions,45 but is 

overproduced during diseases and induces oxidative damage.46,47 It can interact with O2
•−, 

leading to the production of peroxynitrite (ONOO−) and •OH. ONOO− has also been 

implicated as a causative factor in the disruption of the blood-brain barrier (BBB) in some 

neurologic diseases, due to its much higher penetrating capacity across lipid bilayers 

compared to O2
•− (~400-fold).48 The antioxidative activity of PEG-MeNPs towards •NO was 

assessed using carboxy-PTIO as the indicator and NOC7 as the •NO donner. In the absence 

of PEG-MeNPs, carboxy-PTIO reacted with •NO to generate carboxy-PTI, resulting in the 

color change from purple to yellow and an increase of the EPR signal from 5 to 7 lines 

(Figure 3C,D). In contrast, the addition of carboxy-PTIO into the mixture of PEG-MeNPs 

and NOC7 showed a dose-dependent effect in preventing color fading and the formation of 

carboxy-PTI, suggesting the •NO scavenging by PEG-MeNPs. Next, the ONOO− scavenging 

activity of PEG-MeNPs was studied using the ONOO−-induced pyrogallol red bleaching 

assay. Results showed that the shift of absorbance due to the ONOO−-mediated oxidation of 

pyrogallol red was significantly inhibited in the presence of PEG-MeNPs (Figure 3E). 

Similarly, PEG-MeNPs also showed high stability in scavenging •NO and ONOO− (Figure 

S10).

Nitration and nitrosation are two key reactions between phenolic compounds with •NO and 

ONOO−.49,50 Given the presence of the residual catechol groups in PEG-MeNPs, we 

hypothesized that one major mechanism contributable to the PEG-MeNP-mediated 

scavenging of •NO and ONOO− might be the nitration and nitrosation of PEG-MeNPs 

by •NO and ONOO−. To confirm this, the absorbance changes of PEG-MeNPs were first 

tested after addition of •NO or ONOO−. PEG-MeNPs showed a time-dependent increase of 

absorbance in the region of 300–400 nm after addition of •NO (Figure S11A,B), and in the 

entire visible light region of the spectrum upon reaction with ONOO− (Figure S11C,D). In 

addition, XPS analysis also showed an in-creased level of nitrogen in the •NO- or ONOO−-

treated PEG-MeNPs compared to the non-treated NPs (Figure S12), further confirming the 

nitration and nitrosation of PEG-MeNPs. Notably, the nitration and nitrosation caused 

by •NO or ONOO− did not induce obvious size and structural changes of the NPs as 

determined by TEM and XRD analysis (Figure S13 and S14), neither affected the radicals in 

PEG-MeNPs (Figure S15). It should be noted that the nitration and nitrosation are 

complicated for different phenols and the exact structure of melanin remains un-clear, and 

thus further studies are needed to reveal the reaction mechanisms and possible products of 

PEG-MeNPs after reaction with •NO or ONOO−.

Neuroprotective and anti-inflammatory activities of PEG-MeNPs

Ischemic stroke, as a result of the blockage of blood supply to the brain, is a major cause of 

death and disability worldwide.51 Intravenous administration of tissue plasminogen activator 

and endovascular surgery to break down or remove the blood clots are the only clinically 

approved methods for preventing ischemia-induced irreversible brain damage.52 

Nevertheless, because fewer than 10% of ischemic stroke patients have timely access to 
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these treatments, the vast majority of patients sustain neurological deficits and even death, 

due to the lack of effective clinical options for persistent occlusion-induced brain injury.53 

Oxidative stress and inflammatory activation induced by the excessive production of RONS 

are critical mechanisms of brain injury in ischemic stroke.54 However, there are no clinically 

validated RONS-scavenging antioxidants that can safely and effectively protect ischemic 

brain from oxidative damage.

Given the strong antioxidative potency of PEG-MeNPs, we proceeded to examine their 

potential for preventing brain damage from ischemic stroke. As neurons are vulnerable to 

oxidative stress during an ischemic attack, we first used Neuro 2A cells to evaluate the 

toxicity of PEG-MeNPs and their protective effects against RONS-induced oxidative stress. 

AlamarBlue and LDH assays showed that PEG-MeNP treatment did not induce obvious 

cytotoxicity under the experimental conditions (Figure 4A and Figure S16A). In addition, 

ATP levels in the cells were unaltered by PEG-MeNPs (Figure S16B), indicating that these 

NPs did not affect mitochondrial function. Next, antimycin A (AMA), an inhibitor of the 

mitochondrial respiratory complex III,55 was used to stimulate oxidative stress in Neuro 2A 

cells. Intracellular O2
•− was dramatically enhanced upon AMA treatment (Figure 4B,C). As 

a comparison, when the cells were pre-treated with PEG-MeNPs, they showed decreased 

levels of O2
•− in a dose-dependent manner after AMA stimulation.

To directly assess the neuroprotective effect of PEG-MeNPs in ischemia, we next mimicked 

ischemic injury in vitro by incubating Neuro 2A cells with cobalt chloride (CoCl2). CoCl2 

has been used to induce hypoxic microenvironments and sub-sequent generation of excess 

ROS in different cell lines, a frequent in vitro model for the mechanistic study of antioxidant 

treatments for ischemia-associated neuronal disorders.56 CoCl2 dramatically increased the 

ROS level in Neuro 2A cells and subsequently caused cell death as a result of oxidative 

stress, whereas PEG-MeNPs clearly reduced both responses (Figure 4D and Figure S17A). 

It has been revealed that the upregulation of proapoptotic Bax and downregulation of 

antiapoptotic Bcl-2 are involved in CoCl2-induced cell death in neurons.57 In fact, stable 

expression of Bcl-2 is crucial for suppressing the overproduction of O2
•− in cells, and the 

overexpression of Bcl-2 is beneficial for decreasing the infarct area following ischemia.58 

We therefore investigated whether the neuroprotection of PEG-MeNPs was correlated with 

the regulation of both proteins. Western blot analysis showed that PEG-MeNPs did not alter 

the expression of either Bax or Bcl-2 in Neuro 2A, but explicitly prevented Bax upregulation 

and Bcl-2 downregulation when the cells were also treated with CoCl2 (Figure 4E and 

Figure S17B). Conversely, enhanced Bax expression and reduced Bcl-2 expression were 

detected in cells treated with CoCl2 alone.

Non-neuronal cells such as microglia, neutrophils, and macrophages can also be rapidly 

activated by RONS during ischemia, resulting in the secretion of many detrimental 

inflammatory mediators (Figure 5A). This can further aggravate neuronal injury in the 

cerebral penumbra and extend the injury to surrounding tissues.59 The anti-inflammatory 

effect of PEG-MeNPs was assessed using lipopolysaccharide (LPS)-stimulated 

macrophages. We first tested the expression of cyclooxygenase 2 (COX-2), an inflammatory 

mediator activated by LPS stimulation that also participates in the overproduction of ROS 

(in particular O2
•−),60 in the absence vs. presence of PEG-MeNPs by western blot and 
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immunofluorescence analysis. PEG-MeNPs can be efficiently taken up by macrophages 

(Figure S18) and alleviate the activation of this inflammatory mediator (Figure 5B,C), 

leading to significant reduction of ROS levels upon LPS stimulation (Figure 5D). The 

expression of inducible nitric oxide synthase (iNOS), one major source of toxic •NO,61 was 

also downregulated in LPS-stimulated macrophages with treatment of PEG-MeNPs (Figure 

S19). In addition, PEG-MeNPs effectively inhibited the overproduction of the total 

intracellular RNS in LPS-stimulated macrophages (Figure 5E). Similarly, the expression of 

cytokines including tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) at the 

protein level was remarkably decreased (Figure S19).

Brain protection by PEG-MeNPs in a rat model of ischemic stroke

With strong evidence of multi-antioxidative and anti-inflammatory activities of PEG-MeNPs 

in vitro, we then set out to evaluate their in vivo efficacy in ischemic brains by pre-injection 

into lateral ventricles. Note that intraventricular injection has been widely used in the 

clinical settings and has several benefits as compared to intravascular delivery, including (i) 

more precise control of local dosing; (ii) minimization of adverse effects involved in 

systemic therapy to normal tissues; (iii) circumvention of the BBB; and (iv) in the case of 

ischemic stroke, circumvention of occluded vessels that may prevent delivery to the 

ischemic region. After injection of saline or PEG-MeNPs, rats were subjected to 90 min of 

occlusion of the middle cerebral artery (MCA) (Figure 6A). The brains were then removed, 

sliced, and stained with 2,3,5-triphenyltetrazolium chloride (TTC), an indicator of cellular 

respiration widely used for histopathologic staining to identify infarcted brain tissues. A 

large infarct area (~32%) was detected in the saline control group (Figure 6B,C). In 

comparison, rats pretreated with PEG-MeNPs were significantly less vulnerable to ischemia 

(~14% infarct area). Further comparison of the O2
•− levels in brains in the saline, NP, and 

sham groups demonstrated that pretreatment with PEG-MeNPs efficiently suppressed the 

generation of O2
•− (Figure 6D). These results suggest the potential of PEG-MeNPs for the 

treatment of ischemic brain damage.

In vivo toxicity of PEG-MeNPs

The in vivo safety of PEG-MeNPs was also assessed. After a single intravenous injection of 

PEG-MeNPs into immunocompetent mice through the tail vein, blood was collected for 

evaluation of immunostimulatory effects. Results showed that PEG-MeNPs did not induce 

systemic cytokine responses in mice at either 6 h or 24 h post NP injection (Figure S20). 

Moreover, PEG-MeNPs exhibited excellent blood compatibility, and did not alter serum 

levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline 

phosphatase (ALKP), blood urine nitrogen (BUN), total protein (TP), or albumin (Alb) 

(Figures S21 and S22). Hematoxylin and eosin (H&E) histology analysis of different organs 

showed no morphological changes or signs of inflammation after NP treatment (Figure S23).

CONCLUSION

In summary, we reported the evoluation of bioinspired PEG-MeNPs as a novel nano-

antioxidant for antioxidative therapy. Comprehensive characterization was carried out in this 

work to improve our fundamental understanding of the antioxidative mechanisms of PEG-
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MeNPs. Our findings reveal that PEG-MeNPs have a SOD mimetic catalytic mechanism 

towards O2
•−. Superior to both natural antioxidant enzymes (e.g., SOD) and currently 

studied nano-antioxidants that target specific RONS, PEG-MeNPs exhibit broad 

antioxidative activities against multiple toxic RONS including O2
•−, H2O2, •OH, ONOO−, 

and •NO, highlighting their potential as a robust RONS scavenger. In vitro results further 

demonstrate the neuroprotective and anti-inflammatory activities of PEG-MeNPs. Using a 

rat model of ischemic stroke, we also showed that pre-injection of PEG-MeNPs can 

significantly decrease the infarct area of the ischemic brain. While our results support the 

potential of PEG-MeNPs in protecting ischemic brains from oxidative damage, further 

investigations will still be needed, such as continuous optimization of the PEG-MeNP 

platform and the administration timing/dosage, and deeper under-standing of the in vivo 
protective mechanisms. In addition, despite that our preliminary in vitro and in vivo side 

effect studies showed no obvious toxicity of PEG-MeNPs, more studies will be needed to 

examine the long-term toxicity of PEG-MeNPs to normal cells and tissues, their interactions 

with biological systems, and the potential toxicity from the degradation byproducts of PEG-

MeNPs. Of more clinical relevance to this strategy is whether the brain protection effect 

seen in this study can be achieved when PEG-MeNPs are given in a delayed fashion. This 

could significantly improve the clinical outcomes and quality of life for ischemic stroke 

patients who are not eligible for endovascular surgery. As RONS and subsequent 

inflammatory activation are associated with the etiology of aging and many diseases such as 

cancer, coronary heart disease, Alzheimer’s disease, Parkinson’s disease, and 

neurodegenerative disorders, this study may pave the way for the development of safe and 

effective antioxidants for wide-spread biomedical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) TEM image of PEG-MeNPs. (B) Effect of PEG, SOD, MeNPs, and PEG-MeNPs on 

EPR signals of DEPMPO-OOH. (C) O2 production from the KO2 solution (100 μM) with 

vs. without PEG-MeNPs. The insert is the digital picture of the PEG-MeNPs solution before 

vs. after addition of KO2. (D) PEG-MeNP-catalyzed dismutation of O2
•− under different 

concentrations of KO2. (E) Michaelis-Menten kinetic plot of the initial reaction rate vs. the 

KO2 concentration for PEG-MeNP-catalyzed dismutation of O2
•−. (F) O2 production from 

the KO2 solution (100 μM) catalyzed by SOD vs. PEG-MeNPs. The concentration of PEG-

MeNPs for catalysis is 0.1 nM. Assay was performed in triplicate.
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Figure 2. 
(A) EPR spectra of PEG-MeNPs under different pH values, in the presence of GSH, or after 

reaction with KO2 for 5 times (5 min each). (B) Absorbance changes in the mixture of 

Amplex Red and HRP induced by KO2 with or without PEG-MeNPs. The insert is the 

digital picture of Amplex Red and HRP solution before vs. after addition of KO2 and PEG-

MeNPs. (C) The ratio between H2O2 and O2 produced by PEG-MeNP-catalyzed 

dismutation of KO2. (D) pH values of KO2 and KOH solutions with vs. without PEG-

MeNPs. The concentration of PEG-MeNPs is 0.1 nM. Assay was perfomed in triplicate.
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Figure 3. 
(A) Schematic illustration of RONS metabolism. (B) EPR spectra of DEPMPO-OH obtained 

by trapping •OH with spin-trap reagent DEPMPO in the absence vs. presence of MeNPs or 

PEG-MeNPs. The •OH was generated by the Fenton reaction between H2O2 and Cu+ ions. 

For reaction #2 and #3, MeNPs and PEG-MeNPs were, respectively, added to the mixture of 

DEPMPO and H2O2, followed by the addition of Cu+ ions. In reaction #4, PEG-MeNPs 

were pre-incubated with DEPMPO and Cu+, followed by the addition of H2O2. (C) Digital 

picture of the carboxy-PTIO solution alone (#1) vs. the carboxy-PTIO solutions with •NO-

generating NOC7 and PEG-MeNPs (#2–5: 0, 1, 2, and 4 nM). (D) EPR spectra of the five 

samples from (C). (E) ONOO− scavenging effect of PEG-MeNPs.
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Figure 4. 
(A) Cytotoxicity of PEG-MeNPs. (B) Intracellular O2•− scavenging by PEG-MeNPs in 

AMA-treated Neuro 2A cells. (C) Confocal fluorescence images of O2
•− levels in the AMA-

treated Neuro 2A cells. Scale bar is 50 μm. (D) ROS levels in non-treated and PEG-MeNP-

treated Neuro 2A cells under CoCl2-induced hypoxic conditions. (E) Western blot analysis 

of the expression of Bax and Bcl-2 in the CoCl2-stimualted Neuro 2A cells with vs. without 

PEG-MeNPs, as well as in the cells only treated with PEG-MeNPs.
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Figure 5. 
(A) Schematic illustration of inflammatory mechanism triggered by the elevated RONS in 

non-neuronal cells. (B) Western blot analysis of COX-2 expression in LPS-stimulated 

macrophages. (C) Immunofluorescence images of the expression of COX-2 in LPS-

stimulated macrophages with vs. without pretreatment of PEG-MeNPs. Scale bar is 10 μm. 

Levels of (D) ROS and (E) RNS in LPS-stimulated macrophages with different 

concentrations of PEG-MeNPs.
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Figure 6. 
(A) Schematic representation of the ischemic stroke model. (B) Representative images of 

TTC-stained brain slices from different groups. The corresponding (C) infarct areas and (D) 

O2
•− levels in brain tissues of the three groups (*p<0.05 and **p<0.01 vs. saline control).
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