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Abstract

Reactive oxygen and nitrogen species (RONS) are essential for normal physiological processes
and play important roles in cell signaling, immunity, and tissue homeostasis. However, excess
radical species are implicated in the development and augmented pathogenesis of various diseases.
Several antioxidants may restore the chemical balance, but their use is limited by disappointing
results of clinical trials. Nanoparticles are an attractive therapeutic alternative because they can
change the biodistribution profile of antioxidants, and possess intrinsic ability to scavenge RONS.
Herein, we review the types of RONS, how they are implicated in several diseases, and the types
of nanoparticles with inherent antioxidant capability, their mechanisms of action, and their
biological applications.
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1 Introduction

Reactive oxygen species (ROS) were discovered in biological environments in 1954 [1].
Since then, ROS have been the target of intense research, examining their chemical and
physiological activity, and their pathological roles in living organisms [2]. ROS is a general
term used to describe free radicals, a species containing one or more unpaired electrons of
oxygen, such as hydroxyl (*OH) and superoxide (O,"), as well as nonradical oxidizing
agents that are easily converted into radicals such as hydrogen peroxide (H,05) and
hypochlorous acid (HOCI) [3]. The term reactive oxygen and nitrogen species (RONS) is
employed to further encompass this class of chemically reactive molecules that contain
nitrogen or reactive nitrogen species (RNS) such as nitric oxide (NO®) and peroxynitrite
(ONOQ7). In general, RONS have a very short life, in the order of micro- or nanoseconds,
and readily react with numerous cellular components including lipids, nucleic acids, and
proteins. This process, which occurs via a free-radical chain reaction, causes damage and
forms harmful secondary products such as lipid peroxides and other lipid adducts. The
subsequent protein damage results in loss of enzyme activity, while DNA damage results in
mutagenesis and carcinogenesis [4].
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Redox regulators and mediators may be interconnected with the normal function of the cell
and its surroundings, comprising a type of complex network that can affect the energetic
state, metabolism, state of health, disease, and even lifespan of the entire organism [2]. Thus,
RONS homeostasis is imperative for normal cell survival and proper cell signaling. Cells
regulate intracellular ROS levels in a spatial and temporal manner via an extensive
antioxidant defense system. For example, O,™ is degraded by the enzyme superoxide
dismutase (SOD), present in various cellular compartments, in a dismutation reaction
yielding H,0O5 and O, [5]. To prevent cellular toxicity and maintain H,O, levels in the range
optimal for cell signaling, numerous antioxidants, such as peroxiredoxins (PRXs),
glutathione peroxidases (GPXs), and catalase (CAT), convert intracellular HoO5 into water
(H20) [6]. Physiologically, these mechanisms cannot entirely eradicate all the RONS
produced. This innate physiological process, in which the presence of RONS overpowers the
radical-scavenging mechanisms, is called “oxidative stress”. Oxidative stress creates an
imbalance between the oxidants and the antioxidants, and is implicated in aging [7].

Disturbances in RONS signaling leads to their overproduction or lower levels of
detoxification, resulting in an altered redox state that can cause oxidative damage to cell
components. The presence of RONS is implicated in various diseases such as stroke [8],
sepsis [9], diabetes [10], hypertension [11], neurodegenerative diseases [12], inflammation
[13], and cancer [14]. Restoration of proper RONS concentration, by either regulating their
intracellular production or targeting their inactivation, may provide a new therapeutic
paradigm for treating ROS-linked diseases. Several antioxidants have been investigated for
their therapeutic potential. These include nitroxide radical compounds (ex. Tempo, Tempol,
Tempamine) [15]; superoxide dismutase mimics [16]; endogenous natural antioxidants, such
as vitamins (ex. a-tocopherol) and flavonoids [17]; primary and secondary enzymes such as
SOD, catalases, and glutathione peroxidases; and nonenzymatic antioxidants such as
carotenoids, cofactors, and polyphenols [18]. However, the results of clinical trials with
antioxidants have shown that antioxidants fail to prevent the progression of ROS-associated
diseases, have few benefits [19-24], and exert severe side effects at high doses [25]. These
disappointing results may have several possible explanations: high renal clearance, low
bioavailability, non-optimal time and duration of therapy, metabolite toxicity, physiological
mechanisms that prevent high tissue concentrations, and toxicity [17]. Perhaps most
importantly, these antioxidants show poor target specificity and nonspecific dispersion in
normal tissues [26].

Nanoparticles (NPs), which have emerged as an alternative strategy for scavenging RONS /n
vivo, may overcome these limitations. This is because NPs can engineer, control, and
influence the biodistribution and specificity of known antioxidants, while in some cases
harboring inherent antioxidant properties. Different types of nanoparticles, mostly inorganic,
often possess intrinsic catalytic properties, which are enhanced by their relatively large
surface areas [27]; such nanoparticles can directly react with RONS, mimicking the natural
RONS-scavenging capability of cellular enzymes. Here, we provide a comprehensive review
on: (i) the types of RONS found in living organisms; (ii) mechanisms by which RONS cause
damage to biological molecules; (iii) types of nanoparticles, such as ceria, carbon,
manganese, and platinum nanoparticles, that have been used as RONS-scavenging agents;
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(iv) and RONS-associated diseases including sepsis, stroke, neurodegenerative and
inflammatory diseases, diabetes, and cancer.

2 Classification of reactive oxygen nitrogen species

Reactive species, or free radicals, are a group of highly reactive chemical molecules with
one or more unpaired electrons. These molecules arise from chain reactions that include
three steps: initiation, propagation, and termination. In this manner, formation of free
radicals is able to trigger amplification. Collectively, reactive species, present in living
organisms, are called RONS and are separated into three groups: oxygen-centered (ROS),
nitrogen-centered (RNS), and others including non-radicals that are either oxidizing agents
or easily converted into radicals (Fig. 1) [4]. RONS are formed as natural byproducts of
normal cellular metabolism and are released by specific cell types (macrophages,
neutrophils, and dendritic cells) in response to external stimuli, such as inflammation [28].
The next section briefly describes the types of reactive species, the mechanisms by which
they are produced /n vivo, and their physiological and pathological roles.

2.1 Reactive oxygen species

2.1.1 O, "—The O, is the most common RONS, mainly generated via conversion of a
small percentage of oxygen molecules (1%-2%) that are not reduced to water in the
mitochondrial electron transport chain (ETC) [3, 10]. Mitochondria are the main
intracellular source of O,°~, which is formed by a single-electron reduction of oxygen
(equation shown below), a side reaction of the respiratory chain [11]. This process is
mediated by enzymes such as dihydronicotinamide-adenine dinucleotide phosphate
(NAD(P)H), oxidases, and xanthine oxidase, or non-enzymatically by redox-reactive
compounds such as the semi-ubiquinone compound of the ETC [29].

— + ° + * —
02+le +H <—>H02 —H +O2

Another important pathway for forming the superoxide is via heme oxidation (equation
shown below). The iron of the heme group in deoxyhemoglobin is reduced to ferrous (Fe2*)
and forms an intermediate when complexed with oxygen [28], as shown

Heme Fe2 1 — 02_ <0, ® T+ Heme Feo t

0O,°~ can also generate secondary ROS by interacting with other molecules and acting as
both an oxidizing and reducing agent [28]
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The removal of excess RONS is an important defense mechanism in aerobic organisms [30].
Every cell has antioxidant mechanisms that can be classified as enzymatic or nonenzymatic
depending on their action in intracellular and extracellular compartments. Nonenzymatic
antioxidant defenses act indiscriminately on RONS and include mostly molecules with low
molecular weight. Examples of such compounds are glutathione, uric acid, vitamin A
(retinoids), and carotenoids such as beta carotene and a-tocopherol (vitamin E); a-
tocopherol is a fat-soluble and free radical chain-breaking antioxidant that is an effective
hydrogen donor due to the presence of a hydroxyl (-OH) group. Fukuzawa has shown that,
under physiological conditions, a-tocopherol micelles at various concentrations can
inactivate up to 99% of O,°~ [31]. Other molecules that can also reduce or inhibit the
generation of RONS include bilirubin, lipoic acid, albumin, ferritin, ceruloplasmin, and
transferrin [4]. Enzymatic antioxidants act more specifically on each RONS. In the case of
0O5°, the enzyme SOD plays a major role in regulating the intracellular concentration of O".
SOD, found as isoforms (copper/zinc SOD, mitochondrial SOD, and extracellular SOD) in
mammals, catalyzes the dismutation of O,°~ into H,O and O, [32].

2.1.2 H,0,—H50,, a two-electron oxidant, reacts poorly or not at all with most biological
molecules, including low-molecular-weight antioxidants. H,O5, which reacts slowly with
thiols, reacts mainly with seleno-, thiol, or heme peroxidases, or other transition metal
centers, yielding both radical and nonradical species. H,O is an oxidizing agent with poor
reactivity, but unlike the superoxide anion, H,O, can easily cross cell membranes [3]. The
biologically damaging effects are mainly due to secondary products and hydroxyl radicals
formed by Fenton chemistry [33].

The dismutation reaction of hydrogen peroxide is catalyzed by catalase, an enzyme that is
present in the liver, kidney, blood, and almost all animal tissues. However, hydrogen
peroxide is most efficiently scavenged by the enzyme GPx, which requires glutathione
(GSH) as the electron donor. The oxidized glutathione is then converted back to GSH by the
enzyme glutathione reductase (with NADPH as the electron donor). Certain transition
metals, such as Fe2* and Cu™, can also break down hydrogen peroxide, generating the
reactive hydroxyl radical. Lastly, peroxiredoxins, a recently identified group of enzymes,
reduce the levels of hydrogen peroxide, lipid peroxides, and organic hydroperoxides. Each
of these protein catalysts, generally found in one subcellular compartment, plays a specific
role in maintaining the proper peroxide levels required for protecting the cell against
oxidative damage, while allowing peroxides to serve as key signaling molecules in
regulation of gene expression and enzymatic activities [34].

2.1.3 *"OH—The "OH is the most reactive radical among all RONS. Because of this, the
hydroxyl radical usually reacts close to its site of formation and has a very short /n vivo half-
life of approximately 1079 s [35]. The hydroxyl radicals react strongly with both organic and
inorganic molecules, including DNA, proteins, lipids, and carbohydrates, and cause more
damage to the cell than any other ROS [36]. Hydroxyl radicals are primarily produced via
the Haber—Weiss reaction of excess superoxide anions or hydrogen peroxide [37]

®* "+H,0—>O0H +°0H+0

0, ) )
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In vivo, radical species can also be formed from the metal-catalyzed breakdown of hydrogen
peroxide via the Fenton reaction [38]

M'F 4+ H,0, - M+ D 4 Ol + *oH

where M is a transitional metal ion such as Cu*, Fe2*, Ti3*, or Co?*. Hydroxyl radicals
can also be generated by various mechanisms such as ionizing radiation, which causes
decomposition of water and results in the formation of OH and hydrogen atoms, or by
photolytic decomposition of alkylhydroperoxides [38]. Reactions of *“OH can be classified
into three categories: hydrogen abstraction, addition, and electron transfer reactions. "OH
rapidly abstracts hydrogen atoms from organic compounds, especially from those that are
weakly bound. The reaction produces H,O and a carbon-centered radical (RC"), which
generates peroxyl radicals (ROQ") in the presence of Oy, such as carbon-centered lipid
radicals. In the absence of O, a covalent bond can be formed between two RC*, producing a
crosslink. An example is the reaction between two Tyr® to produce dityrosine. Reactions of
*OH with aromatic compounds usually involve the addition of the radical to produce
hydroxylated radical adducts. An important example is the addition of *OH to the guanine
moiety of DNA/RNA to produce 8-hydroxyguanine and 2,6-diamino-4-hydroxy-5-
formamidopyrimidine [39].

2.2 Reactive nitrogen species

2.2.1 NO*—NO’ is involved in cellular signaling, vasodilation, and the immune response.
Nitric oxide has a half-life of 15 s and, because it is uncharged, can easily diffuse across
cellular membranes. Endogenous NO* is generated through the conversion of L-arginine and
oxygen into NO* and citrulline, catalyzed by the enzyme nitric oxide synthase (NOS). This
reaction requires the presence of cofactors such as flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), NADPH, tetrahydrobiopterin, and heme. Under uncoupling
conditions, these enzymes also produce superoxide [4]

NOS-+L — arginine + O, * ~ + NADPH — NO® + citrulline + NADP™

NOS (Fe(IT) heme) + O2 ® T NOS (Fe(IIT) heme) + 02 -

Unlike other signaling molecules that act through receptors, the produced NO* diffuses out
of the cell and to target cells; NO* then transmits signals that interact with molecular targets
including proteins, nucleic acids, and other free radicals such as superoxide [40]. The direct
action of NO* is limited by its biologic half-life /n vivo (1 s) and the resulting short distance
that this molecule can traverse. Under conditions of physiological stress, NO*® binds to the
heme iron of guanylyl cyclase (GC) and activates the GC- and cyclic guanosine 3°,5’-
monophosphate (cGMP)-dependent pathways. The NO* released from endothelial cells
diffuses toward the neighboring smooth muscle cells and activates GC. The produced cGMP
interacts with protein kinase G (PKG), which phosphorylates contractile proteins, decreases
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the levels of cytosolic Ca2™, generates dephosphorylation of the myosin light chain, and
induces vasorelaxation [41].

2.2.2 OONO™—More reactive than NO*, OONO™ is an RNS generated from the rapid
reaction between NO* and O,°~. Peroxynitrite is a strong oxidant that mainly nitrates
tyrosine residues in nonenzymatic reactions. In biologic systems, OONO™ rapidly reacts
with CO, (in equilibrium with physiologic levels of HCO3™), which leads to the formation
of CO3"~ and NO,"~ radicals that oxidate and nitrate proteins [41]. OONO™ can produce
other radicals by mediating one-electron transfer reactions. In lipids, this results in initiation
of self-sustaining peroxidation reactions. Peroxynitrite is also reactive with all the major
classes of biomolecules, and thereby can potentially mediate cytotoxicity independently of
NO or 05" [42].

2.3.1 Hydroperoxyl (HO»")—HO," or the hydroperoxyl radical is the protonated form of
0,°7; both species exist in equilibrium (pKa ~ 4.8). In the cytosol, approximately 0.3% of
any superoxide is present in the protonated form [43]. Because HO," is present in all
compartments where superoxide anions are present, this radical must be considered when
the subject is a biological environment.

2.3.2 Hypochlorous acid (HOCI)—HOCI and related species (HOX, X=ClI, Br, I, and
SCN) are two moderately strong two electron oxidants. HOCI is a powerful oxidizing agent
that can react with many biological molecules. HOCI and related species are primarily
produced from the reactions of H,O, with halide and pseudo-halide ions (Cl-, Br-, |- and
SCN-) These reactions are catalyzed by myeloperoxidase (MPO) and eosinophil peroxidase
in phagocytic cells [39]. Thiol groups and thioesters, such as methionine, are the ones most
readily oxidized at a rate approximately 100 times that of amine groups. HOCI can also
halogenate cell constituents. The most favored chlorinating reaction of HOCI is with amines,
forming monochloramines and dichloramines. For that reason, proteins are a major target for
HOCI. Additionally, HOCI can react with nucleotides and DNA. HOCI reacts rapidly with
dihydronicotinamide-adenine dinucleotide (NADH) and the NH-groups of pyrimidines,
slowly denatures DNA, induces DNA double-strand breaks, and generates modified
nucleotides in cell lines exposed to HOCI. Another possible consequence of chloramine
formation is the generation of radicals that may result in protein fragmentation or lipid
peroxidation [44].

2.3.3 Singlet oxygen (105)—Singlet oxygen can be generated by an input of energy that
rearranges the electrons. In both forms of singlet oxygen, the spin restriction is removed,
which increases its oxidizing capacity. 10, can directly oxidize proteins, DNA, and lipids. It
is generated by chemical processes such as spontaneous decomposition of hydrogen trioxide
in water or the reaction of hydrogen peroxide with hypochlorite. Singlet oxygen reacts with
an alkene by abstraction of the allylic proton; this occurs in via ene-type reaction with the
allyl hydroperoxide HO—O-R, which can then be reduced to the allyl alcohol [38].
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2.3.4 Peroxyl (RO5") and alkoxyl (RO®) radicals—Peroxyl and alkoxyl radicals are
good oxidizing agents, having more than 1,000 mV of standard reduction potential; this
allows them to abstract hydrogen from other molecules. This reaction is frequently observed
in the propagation stage of lipid peroxidation, forming an alkyl radical that can readily react
with oxygen to form another RO," and resulting in a chain reaction. Some peroxy! radicals
break down to liberate the superoxide anion or react with each other to generate singlet
oxygen. RO, are formed by a direct reaction of oxygen with alkyl radicals (R®); an example
of this is the reaction between lipid radicals and oxygen. Decomposition of alkyl peroxides
(ROOH) also results in RO," and RO“ radicals. UV light or transition-metal ions can trigger
the conversion (homolysis) of peroxides into peroxyl and alkoxyl radicals, according to the
reaction: ROOH — ROO’ + H*, ROOH + Fe3* — ROO" + Fe2* + H* [45].

The main routes of RONS generation are represented in Fig. 2.

3 Oxidative damage by RONS

Enhanced levels of RONS can be detrimental to a diverse range of biomolecules, especially
lipids, proteins, and DNA. The possible outcomes are altered membrane properties affecting
fluidity or ion transport, loss of enzyme activity, inhibition of protein synthesis, DNA
damage, and ultimately cell death [47]. The role of RONS in damage to biological molecules
is discussed in the following sections.

3.1 Damage to DNA

RONS can cause DNA damage via several pathways that include: degradation of bases;
single- or double-stranded DNA breaks; purine, pyrimidine, or sugar-bound modifications;
mutations, deletions or translocations; and crosslinking with proteins [48]. Because of its
proximity to generated RONS, mitochondrial DNA is more vulnerable to attack by RONS
than is nuclear DNA. The OH" radical abstracts hydrogen atoms and produces modified
purines, pyrimidine base byproducts, and DNA-protein crosslinks. The pyrimidine attack by
OH* produces various pyrimidine adducts such as thymine glycol, uracil glycol, 5-
hydroxydeoxy uridine, 5-hydroxy deoxycytidine, and hydantoin. The purine adducts,
generated by an attack of a hydroxyl radical, include 8-hydroxy deoxy adenosine, 2,6-
diamino-4-hydroxy-5-formamidopyrimidine, and 8-hydroxydeoxy guanosine (8-OH-G),
which is a biomarker for carcinogenesis. Other free radical-induced adducts of DNA bases
include 5-formyl uracil, cytosine glycol, 5,6-dihydrothyronine, 5-hydroxy-6-hydro-cytosine,
5-hydroxy-6-hydro uracil, uracil glycol, and alloxan [49]. These transcription factor-binding
sites of promoter regions in the DNA are also susceptible to oxidative stress. Formation of
altered bases in these sites can modify the binding of transcription factors and thereby
change the expression of related genes [48].

3.2 Damage to lipids

Membrane lipids, especially the polyunsaturated fatty acid residues of phospholipids, are
perhaps the most susceptible to oxidation by free radicals. RONS can induce lipid
peroxidation and disrupt the arrangement of membrane lipid bilayer. This may inactivate
membrane-bound receptors and enzymes, and increase tissue permeability. Lipid
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peroxidation is initiated when free radicals attack and abstract hydrogen from the methylene
groups (CH>) in a fatty acid (LH). This results in formation of a carbon-centered lipid
radical (L") that can react with O,, generating a lipid peroxyl radical (LOO®). The LOO®
undergoes rearrangement via a cyclization reaction to form endoperoxides, which finally
form malondialdehyde (MDA) and 4-hydroxylnonenal (4-HNA). These toxic end products
of lipid peroxidation are responsible for the damage to DNA and proteins [50].

3.3 Damage to proteins

Protein oxidation can be induced by radical species, such as O,*~, OH®, RO,", RO*, and
HO,*, as well as by nonradical species such as H,0,, O3, HOCI, 10,5, and OONO™~. RONS
can cause breakage of peptide chains, changes in protein electrical charge, protein—protein
crosslinks, and oxidation of certain amino acids, leading to increased susceptibility to
proteolysis via specific proteases [51]. RONS oxidize the different amino acids present in
proteins. This causes the formation of protein—protein cross linkages and can ultimately
result in loss of protein activity [52]. Additionally, there are certain groups that are more
susceptible to oxidation from RONS. These include the amino acids cysteine and methionine
or enzymes that have metals on or close to their active sites. The RONS-induced oxidative
damage to amino acid residues, such as lysine, proline, threonine, and arginine, yields
carbonyl derivatives. Therefore, the presence of carbonyl groups in proteins is considered a
marker of RONS-mediated protein oxidation [53].

4 Nanomaterials to scavenge RONS

Oxidative stress, increased production of RONS, and insufficient protection by endogenous
antioxidants are implicated in many types of diseases. Exogenous RONS scavengers, which
are mostly synthetic and/or natural low-molecular-weight compounds, may be potential
therapeutic agents [17]. However, problems with their aqueous solubility and ease of
metabolism, as well as their lack of selectivity and systemic adverse reactions, have impeded
their use [24, 54]. Novel antioxidant strategies need to improve the therapeutic effect against
oxidative stress injury, while limiting adverse effects. Nanoparticles have been proposed as a
strategy to fulfill this role. Although classic antioxidants, such as tocopherol, can be readily
formulated into micelles [31], and several groups have employed radical-containing
nanoparticles [26, 55-61] or encapsulation/conjugation of antioxidants into nanoparticles
[62-64], here we focus on the types of nanoparticles with inherent antioxidant and RONS-
scavenging properties.

4.1 Ceria NPs

Cerium oxide (CeO;) nanoparticles, also known as nanoceria or ceria nanoparticles (CNPs),
are well-known catalysts that show remarkable pharmacological potential due to their
antioxidant properties. This ability is derived from the fraction of Ce3* ions present in CeOs.
In the oxide form of cerium, a lanthanide or rare-earth element, the cerium(IV) and
cerium(l11) oxidation states coexist. Cerium(IV) is more stable and produces a redox couple
responsible for catalytic activity. The reduction in the positive charge by Ce3* is
compensated by a corresponding number of oxygen vacancies. The concentration of defects,
both Ce3* ions, and oxygen vacancies is greater at the surface of ceria than in the bulk.
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Therefore, because of an increase in the surface-to-bulk ratio, nanoceria has a higher surface
concentration of Ce3* and enhanced redox activity with respect to larger particles [65].
CNPs scavenge free radicals by reversibly binding oxygen and shifting between the Ce3*
(reduced) and Ce?* (oxidized) forms at the particle surface. This ability is comparable to
biological antioxidants. Because of this, CNPs are said to exhibit dismutase-mimetic activity
[66] and catalase-mimetic activity [67], protecting cells against the two dominant ROS: the
superoxide anion and hydrogen peroxide (Fig. 3).

Lee et al. demonstrated that the antioxidant capacity of CNPs is 9-fold higher than that of a
benchmark antioxidant [68]. Moreover, the CNPs were reused over 20 times even at high
concentrations of hydrogen peroxide. Interestingly, the CNP properties depended on the
diameter of the nanocrystals (Figs. 4(a)-4(f)) and the type of surface coating (Fig. 4(g)). The
authors found that nanoceria with the smallest size had the greatest antioxidant capacity. Lee
et al. attributed it to increased stability of cerium(IV) and higher concentration of cerium(lI11)
on the surface of the nanocrystals, because lattice expansion increases and releases oxygen
atoms. As mentioned previously, the type of surface coating of the nanomaterial also
significantly affects its antioxidant capacity, which is diminished with thicker polymers.
CNPs quench H,O, molecules via a Fenton-like reaction. The antioxidant capacity of ceria
depends on cerium(l11) concentration and the thickness of the polymer shell. Cerium oxide
nanocrystals 3.8 nm in diameter, incorporating 44% cerium(I11) and coated with a thin-
surface stabilizer (such as poly(acrylic acid) or oleic acid), quench more H,0O, than do
nanoceria 8.2 nm in diameter, incorporating 30% cerium(ll1) and covered with thicker
polymer (polyethylene imine or polymaleicanhydride-alt-1-octadecene) stabilizers [68].

The catalytic activity of CNPs is also influenced by the surface ratio of Ce3* to Ce**. The
Ce3* sites can remove O,~ via SOD-mimetics and *OH via redox reactions. However, the
Ce?* sites are responsible for the oxidation of H,0 via catalase (CAT)-mimetics [66, 69].
The conversion rate from Ce** to Ce3* is also crucial because transformation to Ce3* is
energetically unfavorable in the auto-conversion process. Adding other dopant ions to ceria
nanoparticles can affect the two oxidation states, changing their catalytic performance in
scavenging RONS [70]. Soh et al. reported that incorporation of Zr#* ions into CNPs
influenced the Ce3*-to-Ce** ratio and the rate of conversion between the two oxidation
states, enhancing the RONS-scavenging capability. This study is further described in section
5.2.

Das et al. [71] demonstrated the antioxidant capacities of CNPs and their ability to protect
neuronal cells in a hydrogen peroxide-induced oxidative injury of an adult spinal cord /n
vitro model. Additionally, the authors proposed a schematic mechanistic model illustrating
the cyclical regenerative capacity of CNPs in scavenging free radicals from a culture system,
as well as the reverse oxidation-state that occurs afterwards; this is shown in Fig. 4(h). The
biocompatibility and antioxidant capacity of CNPs have been shown in a wide range of other
in vitro studies [68, 71-76]. Nanoceria have been shown to scavenge free radicals in murine
insulinoma cells treated with hydroquinone [77], prevent retinal degeneration by scavenging
RONS in retinal neurons treated with H,O, [78], and protect normal lung fibroblasts from
radiation-induced pneumonitis [79].
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Among inorganic nanomaterials, ceria NPs are the most widely explored for their
antioxidant properties /n vivo [65, 68, 73, 75, 80-83]. These nanomaterials are used /n vivo
as therapeutic agents in a wide variety of RONS-related diseases. For example, Kim et al.
[80] synthesized uniform pegylated ceria nanoparticles of approximately 3.3 nm in size
(Figs. 5(a)-5(c)). After several tests /n vitro, confirming the RONS-scavenging properties of
these nanoparticles, they investigated neuroprotective effects in an /77 vivo rat model of
induced ischemic stroke. Their results (Figs. 5(d) and 5(e)) demonstrated that there was an
optimal dose for obtaining protective benefits using an intravenous injection of the
nanoparticles. Low-dose ceria nanoparticles (0.1 and 0.3 mg-kg™1) did not decrease infarct
volumes, whereas ceria nanoparticles at concentrations of 0.5 and 0.7 mg-kg~* reduced
infarct volumes by up to 50% of those of the control group (p < 0.05). However, higher
doses of ceria nanoparticles (1.0 and 1.5 mg-kg™1) failed to show a protective effect against
stroke. Microscopic analysis of cell death in frozen brain sections, examined by terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assays,
showed that the number of TUNEL-positive cells was markedly decreased in the ceria-
injected group. Interestingly, biodistribution studies found that intravenously injected ceria
nanoparticles did not sufficiently permeate normal brain tissue, but were able to permeate
ischemic brain tissue. This likely occurred because brain ischemia leads to extensive
breakage of the blood—brain barrier, which may facilitate passage of the ceria nanoparticles
into the brain. Furthermore, lipid peroxide assays have shown that the average concentration
of lipid peroxides in the stroke area was 24.6 + 7.9 um. However, after treatment with 0.5
mg-kg~1 of ceria nanoparticles, the concentration was significantly decreased to 15.5 + 4.9
um. This indicates that ceria nanoparticles acted as antioxidants after ischemia.

4.2 Carbon nanomaterials

Fenoglio et al. [84] were the first to describe that carbon nanotubes (CNTSs) can be used to
scavenge RONS, especially the hydroxyl radical and superoxide anion. CNTSs can scavenge
a high amount of hydroxyl radicals with consequent decrement of the radical concentration
from 1.3 to 0.28 mM. This indicates a scavenging activity of 0.27 pmol-m=2 for the nanotube
surface. The signal from the superoxide radical is also drastically reduced when CNTs are
added [84]. This quenching effect is ascribed to reactions occurring at the carbon
framework, as occurs with fullerene. Fullerene (C60), another form of crystalline carbon,
can act as a radical scavenger. This is because it undergoes a radical addition of carbon-
centered radicals due to the high electron affinity of the carbon framework [85-87]. The
ability of CNTs to scavenge free radicals is thereby related to fullerene, because CNTs
possess a similarly high electron affinity (ca. 2.65 eV). Therefore, both superoxide and
hydroxyl radicals may be readily linked at the surface by mechanisms similar to the grafting
of organic functionalities [88]. Galano [89] used the density functional theory calculations to
model the ability of single-walled carbon nanotubes (SWNTS) to act as free-radical
scavengers, and found that once the first radical attached to the nanotube, further additions
are increasingly feasible; this indicates that SWNTSs can act as free-radical sponges [89].

The RONS-scavenging ability of CNTSs, as well as those of other carbon nanomaterials, have
been sub-sequently explored for biological applications [90-94]. Huq et al. [91] reported
that nontoxic poly(ethylene glycol)-functionalized hydrophilic carbon clusters (PEG-HCCs),
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known scavengers of the ROS superoxide (O»°") and hydroxyl radical, are preferentially
internalized by T lymphocytes, more so than by other splenic immune cells. PEG-HCCs can
reduce ROS and T lymphocyte-mediated inflammation in delayed-type hypersensitivity and
in experimental autoimmune encephalomyelitis (EAE), an animal model of multiple
sclerosis. Twenty-four hours after 2 mg-kg™! of PEG-HCCs are subcutaneously injected into
the scruff of the neck in rats, PEG-HCCs can scavenge intracellular O,*~ produced via
antigen-stimulation of T cells. Consequently, PEG-HCCs reversibly inhibit the production
and intracellular levels (approximately 30%) of proinflammatory cytokines (IL-2 and IFN-
) without showing cytotoxicity. The authors also compared the efficacy of PEG-HCCs to
that of vitamin C and trolox (a water-soluble analog of vitamin E), finding that these
antioxidants have no effect on T-lymphocyte proliferation; this suggests that PEG-HCCs
possess a higher antioxidant capacity than do vitamin C and trolox. In addition, using an
active delayed-type hypersensitivity (DTH) inflammation response against ovalbumin in
rats, the authors found that a single subcutaneous injection of 2 mg-kg~! PEG-HCCs, at
either the time of immunization or challenge, is sufficient to decrease inflammation. In rats
with active acute EAE, subcutaneous treatment with 2 mg-kg! PEG-HCCs every 3 days
reduces disease severity and infiltration of immune cells into the central nervous system.
Using the same type of carbon nanomaterials, Bitner et al. [95] reported that PEG-HCCs
rapidly restore the cerebral blood flow (CBF) in a rat model of mild traumatic brain injury
(TBI) when administered during resuscitation; this is a clinically relevant time point for
acute circumstances such as stroke. Therapy consisted of tail-vein administration of a single
dose of PEG-HCCs (2 mg-kg™1) or a diluent vehicle used as a control. After extensive
physiological monitoring, results indicated that the nanoparticles can restore cerebral
perfusion and normalize the oxidative radical profile. The injection of PEG-HCC
antioxidants significantly reduced SO levels in the vasculature and completely restored the
levels of vascular NO. This suggests that PEG-HCCs are inherently active therapeutic agents
for acute disorders such as stroke, in which reperfusion-based release of RONS is associated
with extension and propagation of injury [95].

Lee et al. [92] demonstrated that pretreating rats with amine-modified single-walled carbon
nanotubes (a-SWNTSs) can protect neurons and enhance the recovery of behavioral functions
in rats with induced stroke. The authors injected the nanoparticles into the right lateral
ventricle of rats 1 week before inducing ischemic brain injury by middle cerebral artery
occlusion (MCAQ) surgery. They then assessed the neurological damage. Their results
showed that a-SWNT-treated animals had significantly smaller infarct regions than did
phosphate buffered saline (PBS)-treated animals 1 day after 90 min of MCAO (Figs. 6(a)
and 6(b)). Behavioral evidence of neurological damage was assessed by animal performance
on a Rota-Rod treadmill, and by determining the latency times required by the animals to
fall from the rotating rod. One day after MCAQ, the latency times for both groups were
reduced; however, the a-SWNT-treated groups were significantly longer the PBS control
(150.6 s versus 114.5 s). This protective effect lasted for up to 7 days, which is indicative of
improved motor function and reduced neurological damage (Fig. 6(c)). Inflammation and
glial responses are important components of the cellular and molecular pathways involved in
stroke-induced destructive processes. The effect of MCAO on inflammation and glial
activation in PBS- and a-SWNT-treated rats was determined by immunohistochemical
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labeling for glial fibrillary acidic protein (GFAP) and ionized calcium-binding adaptor
molecule-1 (Iba-1) in the ipsilateral hemispheres. MCAO increased the expression of both
GFAP and Iba-1. However, compared with rats pretreated with PBS, pretreatment with a-
SWNT resulted in lower expression of both markers (Figs. 6(d) and 6(e)). The levels of pro-
inflammatory cytokines, such as IL-1b and TNF-a, in the ipsilateral cortex were lower in a-
SWNT-treated animals than in PBS-injected controls (Figs. 6(f) and 6(g)). This indicates
that treatment with a-SWNT protects against ischemia and inhibits glial activation and post-
ischemic inflammation. In summary, this study demonstrated that carbon nanotubes can
protect the brain from ischemic damage by reducing apoptosis, inflammation, and glial cell
activation [92].

4.3 Manganese NPs

Using colorimetric immunoassays, Liu et al. [96] found that manganese dioxide (MnQ,)
nanoparticles (MnNPs) possess inherent high peroxidase-, oxidase-, and catalase-like
activities; this was further confirmed by several other studies [97-99]. The results of these
studies demonstrated that MnO» nanoparticles can directly oxidize hydrogen peroxide to
produce oxygen and Mn2* according to the following reactions [100]

2MnO2 + H202 — 2MnOOH + O2

+ 24
2MnOOH + 4H™ +H,0, — 2Mn~ " +4H,0 + 0, |Mn0, + H,0 +2H+_>Mn2++02+H20

2 272

24

2MnOOH +2H — MnO, +Mn~ ¥ +2H,0

2

Additionally, MnNPs (Mn2*) can mimic the activity of SOD by reacting with O,"~ and
producing hydrogen peroxide (final state, Mn4*). Li et al. [97] used the intrinsic enzymatic
properties of MnNPs as intelligent cytoprotective shells for individual encapsulation of
living cells. The authors evaluated the multienzyme activities of MnNPs alone and attached
to yeast cells. The SOD-like activity was estimated using a modified nitro blue tetrazolium
(NBT) assay. The results indicated high O,"~ removal capacity, dose-dependent catalytic
activity, and an IC50 value of 3.5 ug-mL~1. The catalaselike activity of these MnO shells
was investigated using a terephthalic acid (TA) assay. The results demonstrated that OH*
radicals were removed at an efficiency rate of 70%, corresponding to 64 pg-mL™1.
Assessment of H,O, concentration showed that H,O, was decomposed by MnNPs in a
dose-dependent manner. The nanozyme shells effectively protected the encased cells from
long-term physical and chemical stressors. This protective activity results from the intrinsic
multienzyme mimicking activities and high stability of the nanozyme shells [97].

Prasad et al. [101] explored the high reactivity and specificity of MnNPs toward H,0,, and
the simultaneous and sustained production of O,. Additionally, they explored how regulating
the pH of the tumor microenvironment /n vivo can improve tumor oxygenation and
overcome the hypoxia-associated resistance to radiation therapy. First, the study showed that
the NPs could generate O, /n7 vitro and increase the pH of the medium upon reacting with
H,0, and consuming the H* ions at endogenous levels (the reaction is described above).
Then, the authors assessed the effect of NPs on tumor hypoxia. This was conducted by
measuring the levels of hypoxia-inducible factor (HIF)-1a and vascular endothelial growth
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factor (VEGF) within orthotopic murine EMT6 tumor-bearing mice after intratumoral (i.t.)
injection of an MnNPs suspension. The levels of vascular saturated oxygen (sO,), before and
after the i.t. injections of MnO, NPs or saline only (control), were measured using a
photoacoustic imaging system. The authors found that sO, in tumors treated with MnO, NPs
increased rapidly by approximately 45% compared with the content in control tumors. After
an i.t. injection of NPs labeled with near-infrared dye, the authors observed a substantial
diffusion of NPs within the tumor tissue; this occurred almost immediately and was retained
within the tumors for at least 24 h (Fig. 7(a)). Pimonidazole was injected into the animals
prior to sacrifice; pimonidazole is used to directly detect the presence of hypoxic tumor
cells. Ex vivoimmunohistochemistry showed that tumors treated with MnO, NPs for 30
min, 60 min, or 24 h showed 24%, 45%, and 37% less tissue hypoxia, respectively,
compared with that of the saline control (Fig. 7(c)). The same tumors also showed a 19%,
21%, and 10% decrease in the expression of HIF-1R and a 7%, 65%, and 65% decrease in
the expression of VEGF, after 30 min, 60 min, and 24 h treatment with A-MnO, NPs,
respectively. Although this was a preliminary study, the authors evaluated whether the NPs
can enhance the response to anti-tumoral radiation /7 vivo. This was done by treating tumors
in EMT6 tumor-bearing mice with NPs or saline for 30 min prior to irradiation. The average
tumor volume in the MnO, NPs + radiation therapy (RT) group at day 5 remained at ~ 78
mm3, while the group treated with RT alone reached an average tumor volume of ~ 231 mm3
(Fig. 7(d)) [101].

4.4 Other nanomaterials

4.4.1 Platinum nanoparticles (Pt-NPs)—Pt-NPs are also studied for their RONS-
scavenging properties; Pt-NPs can act as SOD/catalase mimetics and show activity that is
similar to that of the mitochondrial electron transfer complex | [102-104]. Watanabe et al.
[104] demonstrated the antioxidant effects of polyacrylic acid (PAA)-protected platinum
nanoparticle species (PAA-Pt). In an in vitro assessment, PAA-Pt scavenged the AOO®,
generated by thermal decomposition of AAPH, in a dose-dependent manner. The
concentration of NPs at which 50% of AOO*® was scavenged (ICsq) was 58 + 4 uM, while
controls showed no antioxidant activity. PAA-Pt show scavenging activity that is at least six
times more powerful than that of other metal nanoparticles [105]. The inhibitory effects of
PAA-Pt on peroxidation of linoleic acid, initiated by AOQO®, was further assessed by
measuring oxygen consumption and thiobarbituric acid reaction substances (TBARS).
Oxygen consumption drastically decreased when the NPs were added, but the rate of oxygen
consumption did not differ from that of the control. The authors attributed that to the fact
that the peroxidation-inhibiting mechanism of PAA-Pt particles may be primarily due to
scavenging LOQO*, which inhibits the propagation of linolate peroxidation. The thiobarbituric
acid (TBA) test, designed to assess free MDA produced in lipid peroxidation, indicated that
PAA-Pt reduced the production of fatty peroxides by inhibiting the chain propagation of
linolate peroxidation initiated by AOO"*. Pt-NPs have also been applied as RONS scavengers
in vivo. Katsumi et al. [106] demonstrated for the first time that these NPs prevent hepatic
ischemia/reperfusion injury in a mouse model. In their study, two differently-sized Pt-NPs
were intravenously injected into mice in which hepatic injury was induced via occluding the
portal vein, followed by 6 h reperfusion. The results indicated that both types of NPs
accumulated in hepatic non-parenchymal cells post-injection. The smaller Pt-NPs decreased
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the activity of plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
more than did the larger Pt-NPs. The smaller NPs also effectively reduced the increase in
lipid peroxide content (Fig. 8(a)) and suppressed the increase in the ratio of oxidized GSH to
reduced glutathione in the ischemic liver.

4.4.2 Melanin nanoparticles (MeNPs)—Previous studies have shown the potential of
MeNPs for radical scavenging [107, 108]. However, Liu et al. was the first [109] to show the
antioxidant properties of MeNPs in a comprehensive analysis of their scavenging activities
against multiple RONS /n vitro (Figs. 8(b) and 8(c)). Furthermore, Liu et al. demonstrated
the feasibility of using those NPs as antioxidant agents /n7 vivo. In that study, the
antioxidative activity of polyethylene glycol (PEG)-modified MeNPs (PET-MeNPs) toward
0O, was examined using electron paramagnetic resonance (EPR) spectroscopy and 5-
diethoxyphosphoryl-5-methyl-1-pyrroline noxide (DEPMPO) as the producer of radicals.
PET-MeNPs reduced the EPR amplitude of DEPMPO-OOH to nearly background levels,
indicating that these NPs are robust scavengers of O,*~. Analysis via X-ray photoelectron
spectroscopy (XPS) indicated that rather than using a covalent reaction with O,°~, these NPs
exhibited a catalytic activity similar to that of SOD. This was ascribed to the radicals in the
polymer matrix, which can act as catalytic centers for electron removal from the superoxide.
In addition, this antioxidant activity remained unaltered under different pH and even after a
1-year storage at 4 °C. In further experiments, the group verified that MeNPs can also react
with O,*~ and form H,0,. Thus, the SOD-mimic catalysis of O,"~ can be represented by the
reactions

melanin® + O2 ® T - melanin” + O2

melanin~ + 0, ¢4 H,0 — melanin® + H,0, + 20H

In addition, EPR analysis showed that PEG-MeNPs can also scavenge “OH, possibly by
impeding the Fenton reaction; this is because melanin possesses a strong capability for
chelating transition metal ions. Lastly, “"NO and ONOO™ can be scavenged by nitration and
nitrosation of PEG-MeNPs.

4.4.3 Selenium nanoparticles (SeNPs)—Selenium (Se) is part of the antioxidant
defense system in the liver and plays an important role in protection against oxidative stress.
Many studies have demonstrated that Se supplementation can increase enzyme levels, such
as those of GPx, which prevents the accumulation of free radical species, thereby reducing
cellular damage [110, 111]. Thus, nanomaterials incorporating selenium have been explored
for their intrinsic antioxidant properties. Zhai et al. [112] synthesized SeNPs stabilized using
chitosan (CS) (CS-SeNPS) and having different molecular weights; these nanoparticles were
then assessed for their antioxidant capacities. Assessments using 2,2-diphenyl-1-picryl-
hydrazyl-hydrate (DPPH), 2,2'-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS),
and lipid peroxide models showed that these CS-SeNPs can scavenge free radicals at
different rates (Fig. 8(d)). The scavenging ability of low molecular weight CS-SeNPs (CS(l)-
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SeNPs) and high molecular weight CS-SeNPs (CS(h)-SeNPs), shown using ABTS, reached
87.45% + 7.63% and 89.44% + 5.03% respectively. /n vitro cell testing, using BABLC-3T3
or Caco-2, demonstrated that production of intracellular RONS was inhibited in a Se
concentration-dependent manner. The topical or oral administration of CS-SeNPs, stabilized
with CS(I)-SeNPs, efficiently protected the activity of glutathione peroxidase and prevented
lipofuscin formation induced by UV-radiation or d-galactose in mice.

Selenium-doped carbon quantum dots (Se-CQDs) have also been developed for free-radical
scavenging (Fig. 8(e)). In a recent study [113], the free radical-scavenging activity of Se-
CQDs was assessed with electron spin resonance (ESR) spectroscopy. The results indicated
that ESR signals of the diethoxyphosphoryl-5-methyl-I-pyrroline N-oxide (DEMPOQO)/*OH
adduct disappeared when Se-CQDs were added into the solution; this suggests a strong OH*
scavenging activity. /n vitro cellular models also demonstrated that Se-CQDs can protect
MDA-MB-231 cells against oxidative stress induced by H,O, treatment. This occurs by
reducing H,O,-induced cell death and increasing cell viability (as determined by a CCK-8
assay). In addition, quantitative analysis of Rosup-induced RONS generation in MDA-
MB-231 cells, assessed via a RONS fluorescence probe (2°,7’-dichlorofluorescein diacetate
(DCFH-DA)), showed that the fluorescence intensity of DCFH-DA was significantly
reduced when Se-CQDs were introduced; this confirms the antioxidant ability of Se-CQDs
[113].

5 RONS-related diseases

5.1 Stroke

Acute ischemic cerebrovascular syndrome, commonly known as stroke, is a severe
pathology that can result in loss of brain functions, disability, and death. Disruption of the
cerebral vascular endothelial cell barrier during stroke leads to local edema caused by
increased vascular permeability; this, in turn, can decrease the perfusion of the area.
Cerebral reperfusion increases the hazardous effect of early ischemic injury by release of
RONS and accumulation of activated neutrophils. This cascade of events is known as
reperfusion injury. Via various interrelated mechanisms, excessive RONS play critical roles
in the development and progression of endothelial dysfunction, atherogenesis, and cerebral
ischemia; this results in brain damage during reperfusion injury [8]. Reoxygenation during
reperfusion provides oxygen, which sustains neuronal viability. Oxygen is also required as
substrate for the numerous enzymatic oxidation reactions that produce reactive oxidants. In
addition, reflow after occlusion often increases the levels of oxygen to those that cannot be
utilized by mitochondria under normal physiological flow conditions. Superoxide radicals
and H,0,, are produced in approximately 2% to 5% of the electron flow in mitochondria
isolated from the brain. These constantly produced oxygen radicals are scavenged by SOD,
glutathione peroxidase (GSHPx), and catalase. Other antioxidants, including glutathione,
ascorbic acid, and vitamin E, are also likely involved in the detoxification of free radicals.
During reperfusion, perturbation of antioxidative defense mechanisms results from
overproduction of oxygen radicals, inactivation of detoxification systems, consumption of
antioxidants, and failure to adequately replenish antioxidants in the ischemic brain tissue
[114]. Other sources of RONS include stimulation of the xanthine/xanthine oxidase system
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in the cerebral vessels, electron leakage and redox-state alterations of CoQ in the
mitochondria, arachidonic acid metabolism, catecholamine oxidation, and activated
phagocytes [115]. Ultimately, RONS induce peroxidation of membrane lipids that leads to
neuronal and endothelial cell damage and brain edema.

Antioxidants are used as neuroprotective treatment in acute ischemic stroke; more
specifically, they are used to prevent ischemic cell death in the infarct-impacted area of the
brain and its vicinity. Ebselen, Tirilazad, and Edaravone are drugs that have been clinically
tested for stroke. However, only Edaravone was successfully used for stroke management
and is in clinical use in Japan. Edaravone (3-methyl-I-phenylpyrazolin-5-one, MCI-186,
Radicut®) is a pyrazolin-containing molecule that undergoes keto-enol tautomerization and
produces a phenolic structure, generating stable byproducts that do not cause oxidation [17].

In preclinical settings, antioxidant nanoparticles have been used for treating stroke [80, 92,
109]. Liu et al. [109] evaluated the antioxidative and anti-inflammatory activities of PEG-
MeNPs /n vivo using preinjection into the lateral ventricles of ischemic brains in rats (Fig.
9(a)). These /n vivo studies were conducted after the /n vitro studies discussed in section 4.4.
Rats pretreated with PEG-MeNPs were significantly less vulnerable to ischemia (showing an
infarct area of ~ 14%) compared to the saline control group (showing an infarct area of ~
32% infarct area); the generation of Oy~ was also efficiently suppressed (Figs. 9(b) and
9(d)). The in vivo toxicity of the nanoparticles was also assessed via blood and histology
analysis after intravenous injection of PEG-MeNPs. The NPs exhibited excellent blood
compatibility and did not alter the serum levels of hepatic enzymes, blood urea nitrogen,
total protein, or albumin. In addition, no morphological changes or inflammation were found
in the different organs analyzed,; this indicates that MeNPs can be used as potential RONS
scavenger agents in future /n vivo applications. As mentioned in section 4.1, ceria
nanoparticles have also been successfully used to prevent damage resulting from ischemia in
the brain [80].

Experimental and clinical studies have shown that sepsis, a severe systemic inflammatory
response to infection, is associated with increased RONS production, depletion of
antioxidants, and accumulation of markers of oxidative stress [3]. Studies in pediatric and
adult patients with sepsis have shown an increased activity of xanthine oxidase (XO) leading
to increased production of RONS [116] and decreased plasma concentrations of common
antioxidants such as glutathione, ascorbate, vitamin A, and a-tocopherol. This culminates in
an even higher redox imbalance [117]. Indeed, ascorbate plasma concentration is used as a
predictive factor for the development of multiple organ failure in patients with sepsis [118].
Diverse molecular mechanisms of inflammation and cellular damage are implicated in the
pathogenesis of septic shock and multiple organ failure. These mechanisms include those
related to the over-generation of cytokines, eicosanoids, and RONS such as NO, O»*~, and
ONOOQO. In sepsis, there are several potential sources of RONS. These include activation of
the phagocytic cells of the immune system (the respiratory burst), production of NO by the
vascular endothelium, release of iron and copper ions, metalloproteins, vascular damage
caused by ischemia reperfusion, the mitochondrial respiratory electron transport chain,

Narno Res. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferreira et al.

Page 17

activation of XO resulting from ischemia and reperfusion, the respiratory burst associated
with immune cell activation, and arachidonic acid metabolism [119]. In addition, the sepsis-
induced organ dysfunction may be at least partly caused by the mitochondrial dysfunction,
which results from oxidative stress and concludes with failure to produce energy. Septic
animal hearts display reduced activity of the mitochondrial electron transport chain enzyme
complexes [120]. The increased mitochondrial production of O,* and NO [121], combined
with depleted intramitochondrial antioxidants, may severely inhibit oxidative
phosphorylation and ATP generation during sepsis [122]. This acquired defect in oxidative
phosphorylation prevents cells from using molecular oxygen for ATP production and
potentially causes sepsis-induced organ dysfunction [9, 123].

Thus, RONS are among the critical targets in the prevention of sepsis, because the
generation of a copious amount of RONS during sepsis is a major cause of multi-organ
failure. Therapeutic supplementation with antioxidants, such as selenium, zinc, vitamins,
glutathione, melatonin, and a-lipoic acid, has been proposed for the treatment of patients
with sepsis [124]. Nanoparticle-based antioxidant therapy has also been proposed for these
patients. Soh et al. [81] used ceria-zirconia nanoparticles (CZNPs), of approximately 2 nm
in size (Figs. 10(a) and 10(b)), as therapeutic nanomedical agents in models of /n vitro
inflammation and /n vivo sepsis. For the /n vivo studies, two different sepsis models were
used. One was the lipopolysaccharide (LPS)-induced rat model of endotoxemia; LPS is a
major activator of the innate immune system during bacterial infections. The other was the
cecal ligation and puncture (CLP)-induced mouse model of bacteremia, which reproduces
the main features of secondary bacterial peritonitis; the symptoms include polymicrobial
infection and hyperdynamic circulation, which result in sepsis. The results of using the first
model showed markedly reduced inflammation in the lungs, less severe sinusoidal dilatation
and hepatocyte congestion, and increased survival in the CZNP-treated group compared to
that of the control group. Using the CLP-induced mouse model indicated that CZNPs
accumulated in the abdominal area and could easily infiltrate the damaged tissues and
diffuse through vessels with increased permeability (Fig. 10(e)). Compared with the values
of the control, the nanoparticle (NP)-treated group showed lower numbers of CD68(+)
macrophages in the cecum and stomach, and reduced inflammatory changes such as
mononuclear cell infiltration, mucosal disruption, and exudates with ulcer detritus in the
cecum, stomach, and small intestine (Fig. 10(d)). In addition, the median survival rate was
extended 2.5 times in the CZNP-treated group compared with that of the control group. This
further confirms the therapeutic efficacy of the ceria-zirconia nanoparticles (Fig. 10(c)) [81].

5.3 Neurodegenerative diseases

The term “neurodegenerative” is used to describe a group of diseases characterized by slow
progression of neuronal loss. This includes heterogeneous pathologies such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington disease (HD), and amyotrophic lateral
sclerosis (ALS). The brain is a highly metabolically active organ. Therefore, it is particularly
vulnerable to oxidative stress because of its high demand for oxygen and relatively high
levels of redox-active metals, such as iron or copper, which act as catalyzers in the formation
of RONS. Additionally, the high levels of polyunsaturated fatty acids in brain-cell
membranes render the brain more susceptible to lipid peroxidation [12]. The oxidative
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damage caused by RONS is implicated in the pathogenesis of neurodegenerative diseases.
For example, mitochondrial dysfunction and enhanced apoptosis, accompanied by poor
antioxidant status, are mechanisms implicated in the pathogenesis of AD [125]. The
accumulation of RONS may be involved in AD pathogenesis via several mechanisms: (i)
Neuronal lesions may activate microglia, which then generate excessive superoxide radicals
[126]; (ii) oxidative stress may be involved because the brain physiologically has a low
antioxidant potential; and (iii) higher oxidative susceptibility of glial cells and neurons
because they are under high metabolic demand and possess a post-mitotic nature [127].

RONS-mediated oxidative DNA damage is one of the prominent features in PD, which is
characterized by selective loss of dopaminergic neurons in the substantia nigra. Although the
exact mechanism remains unclear, several findings have shown the correlation between
oxidative stress and PD. These include: (i) reduced activity of complex | of the respiratory
chain in SNc, with consequent generation of excessive RONS; (ii) genetic mutations in
several proteins (parkin, a-synuclein, phosphatase, and tensin homolog-induced putative
kinase) causing mitochondrial dysfunction [128]; (iii) enhanced dopamine metabolism that
leads to accumulation of toxic radicals such as hydroxyl [129]; (iv) accumulation of iron in
its redox-active form in the neurons, which increases iron-induced lipid peroxidation [125];
and (v) low levels of the antioxidant enzyme glutathione peroxidase, with consequent
accumulation of hydroxyl radicals [130]. ALS and HD are also correlated with an imbalance
of RONS [125, 131-134]. Although initial studies on the efficacy of antioxidants in animal
models have been promising, the majority of clinical trials in humans have shown negative
results with respect to using antioxidants to treat neurodegenerative diseases. Kim et al. have
recently reviewed the therapeutic clinical data [12].

As an alternative strategy, RONS-scavenging nanoparticles have been proposed as
therapeutic agents. Kwon et al. [135] designed triphenylphosphonium-conjugated ceria
nanoparticles (TPP-CNPs) (Fig. 11(a)) that localized to the mitochondria and suppressed
neuronal death in the /n vivo 5SFXAD mouse model. This model has a pathology that is
similar to that observed in patients with AD, including extensive death of neuronal cells and
increased accumulation of Ap plaques in the subiculum. The NPs were stereotactically
injected into the subicula of 5XFAD mice. After 2 months, brain slices stained with NeuN
were used to confirm that NPs significantly restored neuronal viability. NP-treated 5XFAD
mice showed significantly lower expression of astrocyte and microglia inflammatory
markers (Fig. 11(b)). The accumulation of mitochondrial ROS in U373 astrocytes, induced
by AB-plaques, was also ameliorated by treatment with TPP-CNPs. The authors conclude
that the NPs mitigated brain inflammation by reducing the levels of mitochondrial ROS. The
5XFAD mice injected with TPP-CNPs showed normal cristae structures and healthy
mitochondrial morphology compared with the severe cristae disruptions and vacuolar
cellular shape observed in the subicula of the control group. The RONS-scavenging
properties of the NPs were also examined by western blotting, which showed that the level
of the oxidative stress marker 4-hydroxynonenal (4-HNE) was significantly decreased after
NP administration (Fig. 11(c)). This implies that the NPs can effectively reduce oxidative
stress signaling in the mitochondria.
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Oxidative stress and chronic inflammation are implicated in the development of metabolic
diseases. This includes diabetes mellitus, a group of physiological dysfunctions
characterized by hyperglycemia resulting directly from insulin resistance, inadequate insulin
secretion, or excessive secretion of glucagon [136]. Hyperglycemia is a hallmark of both
non-insulin-dependent (type 2) and insulin-dependent (type 1) diabetes mellitus. Elevated
glucose levels are associated with increased production of RONS by several different
mechanisms [137]. For example, a process of glucose auto-oxidation, which is associated
with the formation of glycated proteins in the plasma of diabetic patients, can generate
superoxide radicals [138]. High glucose levels in the blood can cause increased production
of RONS at the mitochondrial complex I1 [139]. In addition, mitochondrial impairment is
implicated in different types of leukocytes and tissues such as the liver, lung, skeletal
muscle, spleen, and heart in type 2 diabetes. This confirms the relationship between diabetes
and mitochondrial dysfunction, which consequently leads to an imbalance in RONS
production [140]. Oxidative stress is the most important factor in the progression of diabetic
complications such as nephropathy [141], acute renal failure, retinopathy, and neuropathy
[142]. The molecular mechanisms of RONS production and oxidative stress in diabetes have
been reviewed previously [143]. lannitti and Palmieri [18] reviewed the antioxidant
therapeutics used for the treatment of diabetic patients. They conclude that Probucol® and
Atorvastatin® have been clinically shown to reduce systemic oxidative stress. Moreover,
Probucol® may be more clinically useful in patients with strong oxidative stress.

Several nanoparticles with intrinsic antioxidant properties have been used as therapeutic
agents for the treatment of diabetes [144—146]. Jahani et al. [144], examined the effect of
ceria NPs on diabetic nephropathy, induced by a single intraperitoneal injection of
streptozotocin, in a well-established mouse model of diabetes. Mice were treated with
nanoceria (60 mg-kg™1), vitamin E, or not treated for 4 weeks after injection with
streptozotocin. The effects of the treatments were evaluated by measuring the levels of
oxidative stress markers and analyzing samples of kidney tissue. This study showed that the
NPs prevented the elevation of blood urea nitrogen and creatinine, which are indicators of
kidney damage; this action was similar to that of vitamin E. RONS formation in kidney
tissue was also markedly decreased in mice that received the NPs but not in those treated
with vitamin E. The NPs also inhibited lipid peroxidation, increased the levels of GSH, and
decreased catalase activity more efficiently than did vitamin E. Furthermore, the NPs
decreased the levels of protein carbonyl (an indicator of protein oxidation) and
morphological alterations in the kidney; this shows a decrease in the pathological and
biochemical markers of kidney damage in diabetic mice.

Selenium nanoparticles have been investigated for their protective and antioxidative effects
in streptozotocin (STZ)-induced diabetic rats [146]. To synthesize SeNPs, sodium selenite
was reduced with glutathione in the presence of bovine serum albumin (BSA), resulting in
NPs of approximately 19 nm in size [147]. In the treatment groups, diabetic rats received
SeNPs (0.1 mg-kg™1) orally once a day for 28 days. The authors observed that the activities
of testicular GPx, CAT, and SOD were significantly inhibited in STZ-diabetic rats. However,
SeNPs restored the activity of these antioxidant enzymes and reduced the levels of lipid
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peroxidation and nitric oxide (Figs. 12(a)-12(c)). Diabetic rats were also used to show that a
high level of blood glucose (298 mg-d~1.L~1) caused alterations in the normal histological
architecture of the testes compared with that of the control rats. Treatment with SeNPs
restored the normal morphological structure of the testes (Figs. 12(d)(1)-12(d)(6)).
Furthermore, treating STZ-diabetic rats with SeNPs led to an elevation in the expression of
the gene PCNA (proliferating cell nuclear antigen), which was used to assess
spermatogenesis. Dkhil et al. concluded that SeNPs significantly improved diabetes-caused
testicular dysfunctions by decreasing oxidative stress and apoptosis. The results indicate that
the colloidally stable oleic acid coated.

5.5 Inflammatory diseases

Inflammation is associated with many diseases including atherosclerosis, asthma, cystic
fibrosis, and rheumatoid arthritis. Ample evidence suggests that production of free radicals
at the site of inflammation may contribute to the pathogenesis of these diseases [137].
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic joint
inflammation with infiltration of macrophages and activated T cells. Abnormal expression of
several adhesion molecules has been shown in RA. This is induced by redox-sensitive
signaling pathways, resulting in the migration of monocytes and lymphocytes into the
synovium of patients with RA [148]. Atherosclerosis, a disease characterized by hardening
and thickening of the arterial wall, is increasingly considered an inflammatory disease. This
is because the recruiting, expanding, and sustaining of the monocyte/macrophage population
is facilitated during the course of atherosclerosis. This results from the expression of factors,
such as adhesion molecules and chemotactic proteins, by endothelial cells [149]. Oxidative
stress induces the expression of protein kinases, such as focal adhesion kinase, and
intercellular adhesion molecules, such as ICAM-1, leading to the invasion of monocytes,
macrophages, and smooth muscle cells [137]. These cell types have the ability to bind to
oxidized low-density lipoprotein (LDL), which activates monocytes and macrophages,
stimulates the expression of Mn-SOD, and increases the concentration of hydrogen peroxide
[150]. This higher accumulation of RONS is hypothesized to provoke a massive macrophage
apoptosis, which contributes to the formation of atherosclerotic lesions [151]. Oxidative
stress-mediated atherosclerosis has been thoroughly reviewed recently [152].

Wan et al. [153] designed a multicomponent system comprised of a photosensitizer
(chlorophyll a; Chla), an electron donor (L-ascorbic acid; AA), and a catalyst of H,
production (gold nanoparticles; AuNPSs); these were encapsulated in a liposomal (Lip)
system used as a photodriven nanoreactor (NR) to generate H, gas locally. H, reduces *OH
to H,0, selectively scavenging the free radical, while preserving other essential RONS for
normal signaling regulation. The mechanism driving this system (Fig. 13(a)) depends on
laser irradiation and is based on Chla containing a hydrophilic porphyrin ring of greenish
pigments, which is excited following photon absorption and generates an electron—hole pair.
The hole in the excited Chla* can accept a new electron from AA, returning to its ground
state. Colloidal AuNPs (Figs. 13(b)-13(d)) are used as catalysts, which collect the electrons
released from the excited Chla* and the protons from the oxidized AA, promoting their
conversion to Hy gas (Fig. 13(e)). The feasibility of using photodriven nanoreactor + laser
irradiation (NR+Laser) to mitigate oxidative stress in inflamed tissues was investigated using
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a mouse model with LPS-induced paw inflammation and measured using a luminescent
probe detected through an /n vivo imaging system (IVIS) system. The intensity of
luminescence, emitted from the inflamed tissue treated with NR+Laser, was significantly
reduced compared with that of the control (Fig. 13(f)). Treatment with NR+Laser
significantly reduced the LPS-induced increase in the levels of IL-6 and IL-1, these levels
were reduced below those obtained using treatment with bulk solution+laser irradiation (BS
+Laser) (p < 0.05). This trend was confirmed by histological assessment, in which a reduced
infiltration of inflammatory cells was found in the tissues of treated mice.

Oxidative stress-mediated signaling events affect the behavior of cancer cells. In cancer,
RONS are involved in cell-cycle progression, as well as the proliferation, survival, apoptosis,
energy metabolism, morphology, adhesion, and matility of cancer cells; RONS are also
implicated in angiogenesis and maintenance of tumor stemness [14]. Interestingly, RONS
have a dual role in cancer. On one hand, RONS can promote protumorigenic signaling,
helping cancer cells proliferate, survive, and adapt to hypoxia. Indeed, to hyperactivate
protumorigenic signaling events, cancer cells increase their rate of RONS production by
acquiring oncogenic mutations, losing tumor suppressors, increasing their metabolism, and
adapting to hypoxia (i.e., low oxygen levels). However, RONS can also promote
antitumorigenic signaling and trigger the oxidative stress-induced death of cancer cells. To
prevent the buildup of RONS and maintain redox balance, cancer cells increase their
antioxidant capacity [154]. This review focuses on the applications of nanoparticles with
intrinsic RONS-scavenging properties, and not nanoparticles able to generate ROS;
Therefore, in this section we discuss how ROS can promote tumorigenesis, and how
antioxidant nanoparticles can be used to prevent this process.

RONS can promote protumorigenic signaling via hyperactivation of the PI3K/Akt/mTOR
survival pathway, and by oxidizing and inactivating the phosphatases PTEN and PTP1B, the
negative regulators of PI3K/AKkt signaling. Oncogenic activation of Akt can increase RONS
production, which further promotes the survival and proliferation of cancer cells [154].
Several other correlations between ROS and cancer have been found. RONS promote the
survival of tumor cells via activation of NF-xB and NRF2 (the transcription factors that
upregulate the expression of antioxidants), thus enabling cancer cells to evade RONS-
mediated cell death [155]. The complete disruption of the mitochondrial respiratory chain,
which reduces the production of RONS, has been shown to diminish tumorigenesis [156].
As a response to hypoxic and glucose-deprived environment, cancer cells undergo metabolic
changes, such as HIF stabilization and activation of the 5 AMP-activated protein kinase
(AMPK) and one-carbon metabolic pathways. This enhances the production of NADPH and
RONS, and promotes tumor angiogenesis and metastasis [157]. A hypoxic
microenvironment also contributes to RONS formation through the release of superoxide,
hydrogen peroxide, and hydroxyl radical from the mitochondrial electron transport chain.
RONS then stabilize HIF-1a under both normoxic and hypoxic conditions [158]. RONS can
play important roles in cancer metastasis by activating matrix metalloproteinases, which
degrade components of the extracellular matrix, thereby facilitating the intravasation and
extravasation of cancer cells [159]. This activates pathways that stimulate the formation of
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invadopodia, the actin-rich membrane protrusions of cancer cells, which facilitate
pericellular proteolysis and invasive behavior [160]. RONS can also confer cancer cells with
resistance to anoikis, a matrix detachment-induced apoptosis; this occurs via oxidation and
activation of Src, leading to constitutive, ligand-independent activation of epidermal growth
factor receptor (EGFR) and pro-survival signaling [161]. Further roles of ROS in cancer
have been reviewed previously [14, 154, 162].

Antioxidant supplementation has been proposed for patients with cancer. Dietary
supplements, such as vitamin C, E, and A, and selenium, have been used in clinical trials.
However, most data were inconclusive, with the majority of these compounds showing no
protection or exhibiting harmful side effects in the patient cohort. Enzyme-related
antioxidants, such as GSH, N-acetylcysteine (NAC), and SOD, as well as NADPH oxidase
(NOX) inhibitors, have also been considered. Similarly, clinical trial results have been
largely disappointing [162]. Nanoparticles with RONS-scavenging potential have been used
for cancer-related applications [163-168]. Giri et al. [164] showed that cerium oxide NPs,
3-5 nm in size (Figs. 14(a) and 14(b)), can potentially inhibit ovarian tumor growth and
metastasis by attenuating basal levels of oxidative stress, and invasion and migration of
ovarian cancer cells. After their in vitro results showed that CNPs can reduce the basal levels
of oxidative stress, the effect of these CNPs was assessed /7 vivo. This was conducted by
intraperitoneally injecting nude mice with A2780 cells, and then treating these mice with
CNPs (0.1 mg-kg™1), administered intraperitoneally every 3 days during the study period (30
days total). The abdominal circumference (Figs. 14(c) and 14(d)), indicative of tumor burden
in the peritoneum, and tumor weight (Fig. 14(e)) in the CNP-treated mice were significantly
reduced compared with those in the untreated mice. The diminished tumor growth was
accompanied by attenuation in the size and number of metastatic nodules (Fig. 14(f)) in the
lungs of this same tumor model (nude mouse model bearing the human A2780 ovarian
carcinoma cell line). To determine the mechanism by which CNPs restrict tumor growth, the
authors examined microvessel density in treated and untreated tumor tissue. They found a
significant reduction in the CNP-treated tumors as assessed by immunolabeling for CD31, a
marker of endothelial cells. The authors observed that the NPs inhibited VEGF-induced
proliferation, capillary tube formation, and activation of MMP2 in endothelial cells.

Another cancer-related application of ROS-scavenging nanomaterials is the reaction
between manganese nanoparticles and hydrogen peroxide; this reaction generates oxygen,
which can be used for modulation of the tumor microenvironment and overcoming hypoxia,
which is found in tumor tissues [101, 169, 170]. An example of this was previously
described in section 4.3 [101].

6 Summary and future perspectives

We described the several types of reactive oxygen and nitrogen species that are commonly
produced by human cells. Although RONS have important biological functions in a healthy
cell, an imbalance of highly reactive radical species or their precursors leads to oxidative
stress. This is implicated in the pathophysiology of numerous disease processes, which we
also discussed. We have also shown that several types of inorganic nanoparticles possess
intrinsic antioxidant properties and are used as RONS-scavenging agents in various
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biological applications. Overall, we agree with Liu et al. [109] stating that an ideal
antioxidant nanomaterial should robustly scavenge multiple primary and secondary RONS,
sustain antioxidative activity against oxidative damage, be biocompatible, and have facile
controllable properties, such as size and surface that can be modified. The choice of the right
nanomaterial for each disease remains complex. For every disease presented here, the
process of oxidative stress, rather than any specific RONS, is what most impacts the disease
outcome. Choosing the appropriate nanomaterial for RONS scavenging should not be based

solely on its RONS-specific antioxidant capacity, but more on its biodistribution profile,
half-life in the circulation, immunological profile, and other /n vivo pharmacokinetics.
Among nanoparticles, ceria nanoparticles are the most widely used because of their
remarkable enzyme-mimetic capability, and ability to reverse and restore their oxidation
state. However, a variety of nanomaterials have been developed. Hence, numerous /n vivo
studies, exploring the antioxidant properties of these nanomaterials, should be expected.
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Radicals: Non-radicals:

0,- Superoxide Hzoz_ Hydrogen peroxi.de
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RO, Peroxyl e o B Singlet oxygen

RO Alkoxyl ONOO™ Peroxynitrite

HO, Hydroperoxyl

Reactive nitrogen species (RNS)

Radicals: Non-radicals:
. - : ONOO™ Peroxynitrite
WL N!trlc ox@e . ROONO  Alkyl peroxynitrites
NO, Nitrogen dioxide N,O, Dinitrogen trioxide
N,O, Dinitrogen tetroxide
HNO, Nitrous acid
NO," Nitronium anion
NO™ Nitroxyl anion
NO* Nitrosyl cation
NO,Cl Nitryl chloride
Figurel.
Types of RONS produced in the cell (reproduced with permission from Ref. [4], © Springer
eBook 2014).
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Figure 2.
Main routes of RONS generation; RH=organic molecule (reproduced with permission from

Ref. [46], © Elsevier 2009).

Nano Res. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ferreira et al. Page 34

H\ /H
/O—O\ 2H* O—O\
O—Ce** Ce*-O O—Ce3+ Ce3*-0

C|e4*-é)—Ce3*-!)—C|e“* e‘* J)—Ce3+ J)— Ce?*
&—Cot+-b—Cot-b o—Cot-b—Cet-b

ey @ B N\

Cl)—Ce“’ Ce“*-—lO O—Ce3* Ce®*- IO
Ce“*—-é)—Ce“—J)—Ce“+ (’l ) Ce“’ é—Ce“ A)——Ce‘*

Cle“‘-é)—Cle“-J) J)—Ce“* é)—Ce“+ é)

H,0, o5
+ H H
2H > \ / o
4 2~2 N \
O—Ce4+ Ce?*- e“* Ce?*- e3+ Ced3*-

Ce4+ A)—Ce“ J)—C'e“* Ce“* J)—Ce3* J)—Ce4+ ‘T Ce4+ J)—Cey J)—Ce“*
J)—Ce“—é)—Cle“*—JJ J)—Ce“*—é)—Ce“* J)—Ce“-—é)——Ce‘*-J)

(7) (6) (5)

Figure 3.
A model of the reaction mechanism for oxidation of hydrogen peroxide by nanoceria and

regeneration via reduction by superoxide. An oxygen vacancy site on nanoceria surface (1)
presents a 2Ce** binding site for H,0, (2). After the release of protons and two-electron
transfer to the two cerium ions (3), oxygen is released from the now fully reduced oxygen
vacancy site (4). Subsequently, superoxide can bind to this site (5); after the transfer of a
single electron from one Ce3*, and uptake of two protons from the solution, H,05 is formed
(6) and can be released. After repeating this reaction with a second superoxide molecule (7),
the oxygen vacancy site returns to the initial 2Ce** state (1). It is also possible that the third
Ce3* indicated, which generates the oxygen vacancy, can participate directly in the reaction
mechanism. Reproduced with permission from Ref. [65], © Royal Society of Chemistry
2011.
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Figure 4.
TEM micrographs (a)—(c) of water-soluble nanoceria. All scale bars are 20 nm from (a) to

(c). (a) Oleic acid-coated CeO, nanoparticles (3.8 £ 0.4 nm); (b) PEIl-coated CeO,
nanoparticles (5.4 £1.0 nm); (c) PAAOA-coated CeO, nanoparticles (8.2 + 1.7 nm). The size
distribution histograms (d)—(f) are placed at the bottom of the corresponding images together
with a schematic depiction of the coated nanomaterial. (g) The extent of H,O, quenching
capacity depends on the diameter and surface stabilizers of nanoceria. To compare the
surface polymer-dependent H,O, quenching efficiency of nanoceria, the extent of the band
shift (A1) was measured at 0.30 absorbance after the injection of HoO5 from the control. For
diameter-dependent H,O, quenching, three CeO, suspensions with different diameters were
utilized (¢= 3.8, 5.4, and 8.2 nm; PAAOA-coated CeQ5). Surface coating-dependent H,0,
guenching was shown by 3.8-nm CeO, covered with four different polymers (PAAOA, oleic
acid, PEI, and PMAO). (h) Schematic detailing of the proposed regenerative properties of
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nanoceria, and probable mechanism of free-radical scavenging and auto-catalytic behavior
of cerium oxide nanoparticles. (a)—(g) are adapted with permission from Ref. [68], ©
American Chemical Society 2013. (h) is reproduced with permission from Ref. [71], ©
Elsevier 2007.
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Figureb.
(a)—(c) Characterization of ceria nanoparticles. (a) TEM images reveal discrete and uniform

3 nm-sized ceria nanoparticles. Scale bar = 100 nm. (b) High-resolution TEM images reveal
a cross-lattice pattern, demonstrating the highly crystalline nature of ceria nanoparticles.
Scale bar = 5 nm. (c) The geometry of ceria nanoparticles after hydrophilic encapsulation
with phospholipid-PEG (core diameter (a;) = 3-4 nm; hydrodynamic diameter (4,) = 17-18
nm). (d) and (e) Infarct volume and ischemic cell death /n vivo. (d) Representative slices
showing that 0.5 and 0.7 mg-kg~? of ceria nanoparticles can significantly reduce infarct
volumes. (e) The number of TUNEL-positive cells are decreased in the ceriainjected group
(*p < 0.05; n= 4 each). Adapted with permission from Ref. [80], © John Wiley and Sons
2012.
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Figure®6.
(a) Coronal brain sections (stained with triphenyltetrazolium chloride (TTC)) of sham-

operated control and PBS- or a-SWNT-treated rats. Brain slices were arranged in sequence.
White areas represent the infarcted region after MCAO. (b) Quantification of the ischemic
lesions of brain sections in (a). (c) and (d) Bar graphs showing quantification of (c) GFAP-
and (d) Iba-1-positive cells on the ipsilateral side. Data are the mean number of cells from
five random fields. (e) Graph showing that pretreatment with a-SWNTSs reduces neurological
damage after ischemia. Neurological score was evaluated by the Rota-Rod treadmill test. (f)
and (g) Effects of treatment with a-SWNTs on the production of proinflammatory cytokines
IL-1b (f) and TNF-a (g). Cytokine levels, determined by ELISA, were normalized against
the cortex of the contralateral hemisphere. Immunohistochemical analysis and ELISA were
performed 7 days after MCAO. Data are expressed as means + s.e.m. *p < 0.001. Adapted
with permission from Ref. [92], © Springer Nature 2011.
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(a) Diagram and TEM images of MnO, and A-MnO, NPs. Precursor MnO, NPs (~ 15 nm)
are stabilized by positively charged PAH. In A-MnO, (~ 50 nm), several MnO, particles are
entrapped in a poly(allylamine hydrochloride) (PHA)/BSA complex due to strong
electrostatic interaction between the protein and polymer. (b) Representative optical images
of EMT6 tumor-bearing mouse with i.t. injected near-infrared-labeled A-MnO, NPs; images
were acquired at various times. (c) Quantification of tumor hypoxia after treatments,
determined using classified images (not shown) (7= 3). Error bars represent standard errors
of the mean. (*) Statistically significant difference (*p= 6.9 x 107°) as compared to saline
(control)-treated group. (d) Tumor volume measured over time after treatment. Adapted with
permission from Ref. [101], © American Chemical Society 2014.
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Figure8.
(a) Platinum nanoparticles [106]—the lipid peroxide content in mouse liver 6 h after hepatic

ischemia/reperfusion. Lipid peroxides were detected by TBA method. Each of the Pt-NPs
was administered at an equivalent platinum dose (50 mg of platinum per kg). The results are
expressed as the mean + S.D. of 3 to 7 mice. *p < 0.05, indicates significant difference from
the saline-treated group. (b) and (c) Melanin nanoparticles [109]. (b) TEM image of PEG-
MeNPs. (c) O, production in the KO, solution (100 uM) with or without PEG-MeNPs. The
insert is the digital image of the PEG-MeNPs solution before and after the addition of KO,.
(d) Selenium nanoparticles [112]—comparison of the antioxidant capacities of CS-SeNPs in
DPPH, ABTS, and lipid peroxidation systems. The different letter markers denote the
significant mean difference at p < 0.05. (e) and (f) Selenium-doped carbon quantum dots
[113]. (e) Synthesis of Se-CQDs with green fluorescence using hydrothermal treatment with
selenocysteine. (f) Once the Se-CQDs are internalized in cells with elevated ROS levels, a
portion of the ROS can be scavenged, protecting the cells from ROS-induced damage. (a) is
reproduced with permission from Ref. [106], © Royal Society of Chemistry 2014. (b) and
(c) are reproduced with permission from Ref. [109], © American Chemical Society 2017.
(d) is reproduced with permission from Ref. [112] under the Creative Commons Attribution
License, © Zhai et al. 2017. (e) and (f) are reproduced with permission from Ref. [113], ©
John Wiley and Sons 2017.
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(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)
O,°~ levels in brain tissues of the three groups (*p < 0.05 and **p < 0.01 vs. saline control).
Adapted with permission from Ref. [109], © American Chemical Society 2017.
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Figure 10.
(a) and (b) Illustration, characterization, and ROS-scavenging activities of ceria NPs and

CZNPs. (a) Hlustration of the structure of CZNPs. (b) TEM image of CZNPs; scale bar: 5
nm. (c) Mortality-reducing effects of CZNPs in the /n vivo mouse model of CLP-induced
bacteremia. After induction of CLP, PBS or CZNPs (2 mg-kg™1) were placed into the
intraperitoneal space, and then the abdomen was sutured. Graph shows the survival curves in
the CLP over 14 days; n= 18, *p < 0.05. (d) Representative histopathological images.
Asterisk, ulcer detritus; arrow, mucosal disruption; arrowhead, mononuclear cell infiltration.
Scale bars: 100 mm. (e) Representative /in vivo near-infrared fluorescent optical images of
the models 9 h after intravenous injection with Cy5.5-CZNPs. Colored signals denote Cy5.5
fluorescence (excitation = 620 nm, emission = 710 nm). Adapted with permission from Ref.
[81], © John Wiley and Sons 2017.
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Figure 11.
(a) Design, synthesis, and characterization of TPP-CNPs as therapeutic mitochondrial

antioxidants for the treatment of Alzheimer’s disease. Scheme of DSPE-PEG-TPP-coated
ceria nanoparticles exhibiting ROS recyclable scavenging activity. (b) TPP-CNPs reduce
reactive glial activation. Confocal fluorescence images (left) of gliosis in tissue sections co-
labeled with GFAP (red) and Iba-1 (blue). Quantified levels of GFAP and Iba-1 in the
images (7= 4 per group). Statistical analysis was performed using ANOVA. Error bars
represent 95% Cls. **p< 0.01; ***p < 0.001; LT + sham: littermate mice; Tg + sham:
5XFAD mice. Scale bar = 30 um. (c) Western blot analysis for oxidative stress markers in
5XFAD mice treated with TPP-CNPs (/7= 3 per group). Data were normalized with respect
to the signal of GAPDH. Statistical analysis was performed using ANOVA. Error bars
represent 95% Cls. *p < 0.05; **p < 0.01; ***p < 0.001; LT + sham: littermate mice; Tg +
sham: 5XFAD mice. Adapted with permission from Ref. [135], © American Chemical
Society 2016.
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Figure 12.
(a)—(c) Effect of SeNPs and insulin on activities of the antioxidant enzymes ((a) superoxide

dismutase: SOD and (b) catalase: CAT) in the testes of control and STZ-diabetic rats. (c)
Impact of SeNPs and insulin on oxidative stress markers is shown by the levels of nitric
oxide (NO) in the testes of control and STZ-diabetic rats. Values are mean £ SEM (n=7). 3p
< 0.05, significant change with respect to Control group; ®p < 0.05, significant change with
respect to Diabetic group. (d) Impact of SeNPs and/or insulin on the morphology of the
testes in diabetic rats. (1) control rats; showing typical testicular architecture; (2) SeNPs-
treated rats; showing typical spermatogenic cells in the seminiferous tubules; (3) STZ-
diabetic rats; showing severe testicular damage; (4) and (5) STZ-SeNPs-treated group, STZ-
Ins-treated rats, and STZ-SeNPs-Ins-treated rats, respectively; SeNPs and/or insulin
ameliorated the defects caused by diabetes in the spermatogenic cells of the seminiferous
tubules. Tissues were stained with hematoxylin and eosin. Scale bar = 50 um. Adapted with
permission from Ref. [146] under the Creative Commons Attribution License, © Dkhil et al.
2016.
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Figure 13.
(a) Composition/structure of a photodriven NR; mechanisms of using NR for photosynthesis

of H, gas /n situto reduce oxidative stress in a mouse model of LPS-induced inflamed paw.
(b) Fluorescence image of Chla embedded in Lip membrane of NR. (¢) TEM image of
AUNPs encapsulated in NR. (d) Spectral changes of AA encapsulated in NR after various
periods of laser irradiation. (e) Bright-field images of H, bubbles generated in an NR
following laser irradiation. (f) IVIS images of ROS in LPS-induced inflamed paws after
treatment with BS and NR without/with laser irradiation. Adapted with permission from
Ref. [153], © American Chemical Society 2017.
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Figure 14.

High-resolution transmission electron micrographs show the presence of (a) loose
agglomerates of 15-20 nm at low magnification and (b) individual 3-5 nm crystallites. The
dspacing of 0.31 nm shows planes of ceria, while the selected area electron diffraction
(SAED) pattern confirms the presence of fluorite lattice of cerium oxide. (c) Gross
morphology of representative mouse with tumors at day 30 (7= 6). (d) Cumulative
abdominal circumference measured at the end of the study. (e) Excised tumor weight from
vehicle (PBS)-treated and NCe-treated mice (0.1 mg-kg~ bd wt; every third day). Results
are shown as mean + S.D. of six individual animals. **p < 0.01; NCe-treated groups were
compared with untreated group using two-tailed Student’s #test (Prism). (f) Enumeration of
metastatic nodules found per lung in untreated and NCe-treated mice. Total of five lung
sections were observed to obtain the average count. *p < 0.005; NCe-treated groups were
compared with untreated group using two-tailed Student’s £test (Prism). Adapted with
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permission from Ref. [164] under the terms of the Creative Commons Attribution License,
© Giri etal. 2013.
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