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Abstract: Oxidative stress is a deteriorating condition that arises due to an imbalance between the
reactive oxygen species and the antioxidant system or defense of the body. The key reasons for the
development of such conditions are malfunctioning of various cell organelles, such as mitochondria,
endoplasmic reticulum, and Golgi complex, as well as physical and mental disturbances. The nervous
system has a relatively high utilization of oxygen, thus making it particularly vulnerable to oxidative
stress, which eventually leads to neuronal atrophy and death. This advances the development
of neuroinflammation and neurodegeneration-associated disorders such as Alzheimer’s disease,
Parkinson’s disease, epilepsy, dementia, and other memory disorders. It is imperative to treat such
conditions as early as possible before they worsen and progress to irreversible damage. Oxidative
damage can be negated by two mechanisms: improving the cellular defense system or providing
exogenous antioxidants. Natural antioxidants can normally handle such oxidative stress, but they
have limited efficacy. The valuable features of nanoparticles and/or nanomaterials, in combination
with antioxidant features, offer innovative nanotheranostic tools as potential therapeutic modalities.
Hence, this review aims to represent novel therapeutic approaches like utilizing nanoparticles with
antioxidant properties and nanotheranostics as delivery systems for potential therapeutic applications
in various neuroinflammation- and neurodegeneration-associated disease conditions.

Keywords: nanoparticle-conjugates; nanotheranostics; oxidative stress; neurodegeneration

1. Introduction

Oxidative stress refers to an inequity between the creation of reactive oxygen species
(ROS) or free radicals and the protective antioxidant system [1]. The three most prevalent
free radicals are hydroxyl radical (OH·), superoxide (O2·−), and hydrogen peroxide (H2O2).
When superoxide (O2·−) is excessively produced, it reacts with nitric oxide (NO) to create
peroxynitrite (ONOO), which is a reactive nitrogen species (RNS). Peroxynitrite can also
produce reactive oxygen species (ROS) and result in apoptotic cell death [2]. During
oxidative damage, there is an increased presence of both ROS and reactive nitrogen species
(RNS). These molecules can directly oxidize various lipids and proteins (both cytoplasmic
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and membranous) in the nervous system, leading to cell and tissue deterioration and loss
of function [3–5]. The generation of free radicals is associated with many critical pathogenic
illnesses, including neurodegenerative disorders. In particular, the generation of free
radicals is strongly associated with the progression of neurological disorders, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), and other neurodegenerative diseases,
as well as many critical pathogenic illnesses, such as chronic inflammatory diseases, chronic
heart failure, myocardial infarction, and multiple sclerosis. The generation of free radicals
plays a crucial role in all these conditions. Free radicals have been demonstrated to disrupt
the proper folding of proteins, impair the function of glial cells, cause mitochondrial
dysfunction, and ultimately lead to cellular apoptosis [6,7]. Neurodegenerative disorders,
such as dementia and loss of cognition, are characterized by the atrophy of nervous
tissue, the formation of a large number of plaques, and the presence of neurofibrillary
tangles [8,9]. In AD, the hallmark event is the aggregation of misfolded Tau protein and
amyloid β proteins. In PD and Huntington’s disease (HD), respectively, the accumulation
of α-synuclein and the mutant Huntington protein is observed [10,11].

This review aims to systematically discuss the impact of oxidative damage on various
cell organelles and their association with the progressive loss of neurons, then discuss the
different natural antioxidants and their limitations in averting damage due to ROS. Finally,
the bulk of the review will focus on discussing the formulation and use of novel therapeutic
approaches to prevent neurodegeneration by nullifying the effects of free radical-mediated
oxidative damage in various neural tissues.

2. Oxidative Stress, Neurodegeneration, and Neurodegenerative Disorders

Oxidative stress enhances the production of free radicals that attack various types of
neural cells and cause loss of structure and/or function of neurons. ROS or free radicals
can disrupt proper protein folding and increase misfolded proteins that lead to neural cells
with altered structure and function. ROS also leads to the malfunctioning of neuronal cells
and their various cell organelles, such as mitochondria, endoplasmic reticulum, and the
Golgi complex [6,7], as detailed in the following sections.

2.1. Oxidative Stress and Its Impact on the Structure and Function of the Nervous System

Oxidative stress has a direct impact on the structure and function of various cells of
the nervous system. ROS contributes to neuronal damage by attacking different macro-
molecules like lipids, proteins, and nucleic acids, affecting their molecular function and
altering basic physiological function [12]. ROS production mediated by aggregation Amy-
loid β was documented to enhance lipid peroxidation, affecting the permeability of the
membrane and stimulating excitotoxicity due to an increased influx of calcium (Ca2+).
As a result of altered membrane permeability, there is a significant change in the normal
physiology of synapse, resulting in altered neuronal transmission and consequently leading
to impaired cognitive functions, learning, and memory [13–16].

2.2. Mitochondrial Dysfunction and Neurodegeneration

The mitochondria are the key organelles in neurons that provide the bulk of energy to
power the multitude of neurons that make up the brain and spinal cord (Central Nervous
System—CNS). They exhibit a key role in buffering presynaptic calcium signals and thus
modulating neurotransmission [17]. Mitochondria possess their own molecular machinery
(DNA) for synthesizing RNA and specific proteins. ROS production affects mitochondrial
DNA and leads to mutation or damage, which alters the normal functioning of mito-
chondria, such as the biosynthesis of electron transport chain (ETC) proteins [18,19]. The
respiratory chain or ETC of mitochondria consists of five complexes (complexes I, II, III, IV,
and V). These complexes are responsible for generating adenosine triphosphate (ATP) from
adenosine diphosphate (ADP). Mitochondria are involved in generating free radicals from
the activity of the ETC and are the key target of ROS. Mitochondria produces the majority
of ROS from complexes I and III [20,21].
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It is interesting to note that mitochondrial dysfunction is most observed in neurodegen-
erative conditions and disorders such as AD and PD. [22,23]. Altered activities of various
enzymes (pyruvate dehydrogenase and isocitrate dehydrogenase) involved in various
energetic pathways, such as the tricarboxylic acid cycle, were observed in the brains of pa-
tients with AD [24]. Reduced capacitance, selective loss of neurons in substantia nigra, and
motor deficits were observed in mitochondrial transcription factor A-deficient mice [25].
Mitochondrial dysfunction leads to aggregation of pTau due to the elevation of free radi-
cals and calcium ions, as well as also due to deficiency of superoxide dismutase-2 [26,27].
Normally, various antioxidant systems of cells play an important role in reducing oxidative
damage. However, significantly reduced levels of non-enzymatic antioxidants such as glu-
tathione and other antioxidant enzymes have been documented in AD and mild cognitive
impairment (MCI) patients [28,29].

In amyotrophic lateral sclerosis (ALS) (motor neuron disease), anomalies have been
reported in mitochondrial respiratory chain enzymes, mitochondrial assembly, as well as
mitochondrial cell death proteins. It has been demonstrated that oxidative damage leads to
mitochondrial dysfunction, loss of motor neurons, and, finally, neurodegeneration, lead-
ing to ALS [30,31]. An increased level of a lipid peroxidation product, malondialdehyde
(MDA), was noted in the brains of AD and MCI patients due to oxidative stress [32]. Apart
from generating free radicals, mitochondria are highly vulnerable to oxidative imbalance
generated by other factors, such as stress, environmental factors, and age. Mitochondrial
dysfunction is also observed in the pathologies of AD [33] (Table 1). ROS causes lipid
peroxidation of the mitochondrial inner membrane and leads to proton leakage. Such
alteration causes mitochondrial dysfunction by impairing different biochemical activities
of proteins (transporters and respiratory enzymes). Calcium homeostasis is one of the
key regulators for normal neuronal functioning. ROS alters the equilibrium of Ca2+ ions
in the mitochondria of neurons via membrane alteration. Alteration in Ca2+ ions causes
alteration in the potential of mitochondria, which in turn produces more superoxides. Ex-
cessive overload of Ca++ ions in mitochondria promotes neuronal loss or apoptosis [20,34].
Interaction of free radicals, mitochondrial dysfunction, and altered calcium signaling in
neurons and astrocytes has been implicated in different neurodegenerative diseases, includ-
ing AD [35], as well as in neurons and astrocytes, leading to a loss of neuronal structure
and function [36]. In transgenic AD mice models and AD patients, altered expression of
disrupted-in-schizophrenia 1 (DISC1), a mitophagy receptor, has been noted. Also, DISC1
is responsible for mitophagy after binding to the microtubule-associated proteins 1A/1B
light chain 3 [37]. Oxidative damage and malfunctioning of mitochondria have also been
found to be associated with the localization of APOE4 (E4 variant of apolipoprotein E) to
the mitochondria and modulating the expression of mitochondrial genes related to the
neurodegeneration [38,39]. Generation of ROS and release of inflammatory cytokines (such
as IL-6, IL-1β, and TNFα) are closely associated with axonal damage in cerebellar cultures.
It is of interest to note that such cytokines are increased after the deposition of amyloid
plaques in AD [40,41]. BACE1, a rate-limiting enzyme involved in generating amyloid-β
peptides (Aβ) in AD, is elevated due to the depletion of nuclear factor erythroid-derived 2,
which represses the expression of BACE1 [42].

Association between increased ROS and mutation in genes coding for PTEN-induced
kinase 1 (PINK1), Parkin, α-synuclein, and DJ-1 have been well documented in PD. Al-
teration of these proteins and aggregation of α-synuclein contributes to the development
and progression of PD and neuronal loss [43,44]. Furthermore, impaired metabolism of
dopamine has been observed to generate free radicals (via the Fenton mechanism) in dif-
ferent neurodegenerative diseases, such as AD, PD, and dementia. ROS-induced altered
levels of glutathione were observed in neurons of the transgenic model. The consequence
of such a prolonged reduction in glutathione in dopaminergic neurons leads to impairment
of mitochondrial complex I activity via thiol oxidation [45–48]. Aggregation of α-synuclein
was observed in neurons with DJ-1 mutation of PD patients. A lack of DJ-1 or PINK1
showed enhanced ROS in the mitochondria of neurons and their death [49–51]. Enhanced
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levels of NLRP3-associated inflammasome in activated microglia have been observed in
activated microglia and neurons of neurodegenerative disorders. Such enhanced NLRP3
triggers the release of inflammatory cytokines (IL-1β and IL-18). These cytokines are
responsible for neuronal atrophy and death [52,53]. Damaged mitochondria generate
excessive ROS, and the released mtDNA, in turn, enhances NLRP3. 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced mouse model of PD showed stimulation of
NLRP3 and a loss of dopaminergic neurons followed by motor deficit, whereas a lack
of NLRP3 in MPTP-treated mice showed reduced neurodegeneration and inhibition of
cytokine production [54]. On the other hand, elevated levels of ROS enhanced α-synuclein
aggregates in a transgenic model of PD due to haplodeficiency for SOD2 [55]. Treating
mouse astrocytes with α-synuclein showed enhanced expression of NLRP3, IL-1β, and
caspase-1 [56]. Microglia with enhanced NLRP3 inflammasome showed significant neu-
ronal death [54]. Enhanced levels of caspase-1 produce IL-1β and IL-18 from their inactive
state, which are active inflammatory cytokines. Elevated levels of IL-1β and IL-18 showed
pyroptosis (an inflammatory form of programmed cell death) in many neurodegenerative
diseases, such as AD, ALS, HD, PD, and multiple sclerosis [57,58].

Hence, mitochondrial dysfunction can be a key cause for generating ROS as well as a
consequence of oxidative stress.

2.3. Endoplasmic Reticulum (ER) Stress and Neurodegeneration

The endoplasmic reticulum, the dynamic organelle of the cell, plays many critical roles,
such as protein synthesis, calcium storage, and metabolism of macromolecules (lipids and
proteins). Under normal physiological conditions, ER maintains normal protein folding
and trafficking. Such diverse functions are performed by its key domains, i.e., tubules, and
the nuclear envelope [59,60]. Chaperones in the cytosol and the ER maintain the folding
of newly synthesized proteins, whereas cellular quality control mechanisms recognize
abnormally misfolded proteins and accelerate their degradation via the proteasome and
autophagy pathways. However, during oxidative imbalance, cellular quality control
mechanisms get severely affected and lead to the generation of misfolded proteins, resulting
in the loss of structure and function of neurons [61,62]. Disturbances in the structure and
function of the ER due to free radical-associated stress or any environmental stress can
lead to ER stress, which in turn enhances abnormal and unfolded protein aggregation.
Accumulating such abnormal unfolded proteins and changes in calcium homeostasis
within the ER can also contribute as a key factor for ER stress [63–65]. The protein folding
process depends on redox homeostasis. Hence, oxidative damage can affect the process
of protein folding and augment the generation of misfolded proteins, leading to ER stress.
Several studies have shown that alteration in the biosynthesis of proteins and inhibition
of the formation of disulfide bridges can generate misfolded proteins. Various studies
have demonstrated that changes in protein biosynthesis and inhibition of disulfide bridge
formation can contribute to the generation of misfolded proteins [66–69]. Disulfide bridges
are important for the correct folding and stabilization of proteins, and their absence or
incorrect formation can lead to protein misfolding and aggregation. In normal physiological
circumstances, the ER possesses a highly specific quality control mechanism to remove
the proteins that are misfolded [67,70,71]. During oxidative imbalance, ER homeostasis
can be compromised, which can lead to the accumulation of misfolded proteins and the
generation of ER stress (ERS). ERS can reduce the rate of transcription and translation
and affects many signaling pathways, leading to various disease conditions [72]. Also,
the accumulation of misfolded proteins in the brain is observed in many pathological
conditions of neurodegenerations [73] (Table 1). Hence, long-term ER stress can be a cause
of neurodegenerative disorders.
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2.4. Golgi Apparatus and Neurodegeneration

The GC is very well organized while surrounding the nucleus in neurons [74,75]. The
arrangement of GC in the neuron is important for dendrite formation in the adult brain [76].
The GC of neurons is essential for supporting axodendritic polarity [77]. The tubular
structures of GC contain specific glycosylation enzymes that are involved in the sorting and
post-translational modification of proteins [78]. Endothelial Reticulum-to-Golgi transport
is necessary for dendritic growth [79]. Overall, the GC plays a central regulatory role in
maintaining cellular homeostasis. Enhanced free radicals cause structural rearrangements
in the GC known as Golgi fragmentation. These structural rearrangements in GC are associ-
ated with a loss of neuronal structure and the development of neurodegenerative diseases.
Fragmentation of the Golgi apparatus has been observed in several neurodegenerative
diseases [80]. Golgi fragmentation is also associated with the inhibition of ER-Golgi traffick-
ing [81]. In neurological disorders, such as AD, Golgi fragmentation is associated with the
serine/threonine kinase CDK5, which phosphorylates specific proteins such as GM130 and
GRASP65 [82,83] of the Golgi matrix. Phosphorylation of the microtubule-binding protein,
Tau, by CDK5 leads to Golgi fragmentation in AD [84,85]. Golgi fragmentation may also
affect the physiology and function of neurons in neurodegenerative disease as well as alters
the transport processes (protein trafficking) in axons and synapses [86–88] (Table 1). Hence,
oxidative stress may lead to Golgi fragmentation, which in turn affects the structure and
function of neurons and the nervous system, ultimately leading to neurodegeneration.

Table 1. List of cellular organelle damages due to oxidative stress and related pathways.

Cellular Organelle Damage Model System Consequence References

Mitochondrial
dysfunction Brain of patients suffering from AD ROS production and amyloid plaques [89,90]

Fibroblasts of patients suffering from
X-linked adrenoleukodystrophy (a
neurodegenerative condition)

Dissipation of mitochondrial inner
membrane potential, ATP drop, and
enhanced oxidative modifications in
cyclophilin D protein

[91]

Blood of PD patients Higher level of ROS and diminished
cytochrome c oxidase activity [92]

Patients suffering from AD Oxidative damage [93]

STHdhQ7 and STHdhQ111 striatal model of
HD (in vitro);
human HD striata and skin fibroblasts

Mitochondrial DNA lesions and ROS;
decreases in respiratory capacity [94]

Lewis rats, with
parkinsonism-like symptoms

Mitochondrial dysfunction and its
ultrastructural damage due to oxidative and
nitrosative stress as well as translocation of
Bim and Bax from cytosol to mitochondria

[95]

ER stress The hippocampal pyramidal cells and the
frontal cortex of AD brains

Increased phosphorylation of PERK
and eIF2α [96]

Striatal cell line (expressing pathogenic
huntingtin); brain of HD model mice;
prion-diseased mice

Elevated phosphorylation of eIF2α [97,98]

PARK20 (Parkinson disease 20) fibroblasts
Production of ROS as well as activation of
the Unfolded Protein Response-associated
PERK/eIF2α/ATF4/CHOP pathway

[99]

Human melanoma cells Increased ROS levels [100]

Vascular smooth muscle cells (VSMCs) in
spontaneously hypertensive rat (SHR)

Enhanced ROS levels due to overexpression
of Nox1 and Nox4 [101]

Rat cortical neurons Spliced ATF6; elevated levels of CHOP,
PERK, p-eIF2α, and ROS [102]
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Table 1. Cont.

Cellular Organelle Damage Model System Consequence References

Golgi
Fragmentation

AD model
(neurons of the hippocampus from
transgenic mouse and BV-2 cell)

Depletion of coat protein I (COPI) expression [103]

Primary hippocampal cells and HeLa cells
Reduction in the number of cisternal
membranes per Golgi stack due to H2O2
treatment

[104,105]

Primary cerebrocortical cells Oxidative and/or nitrosative insults [106]

Neurons of amyotrophic lateral sclerosis
animal model (SOD1-ALS mouse model) Mutation of SOD1 [86]

Mouse neuroblastoma N2a cells and
cultured neurons

Oxygen–glucose deprivation/reperfusion
(OGDR) insult and ROS production [107–109]

Primary cultured hippocampal neurons and
primary cortical neurons

Increased cyclin-dependent kinase 5 (Cdk5)
activity via oxidative stress [110,111]

3. Natural Antioxidants, Their Importance, and Limitations

Natural antioxidants are naturally occurring biomolecules that can reduce free radicals
and maintain a balance between ROS and the antioxidant system. Such antioxidants may
be divided into two types: (i) enzymatic and (ii) non-enzymatic antioxidants. Generally,
enzymatic antioxidants transform free radicals into less-reactive hydrogen peroxide and,
ultimately, to water. This reaction requires the presence of cofactors such as manganese,
copper, and zinc for an array of processes, while other non-enzymatic antioxidants disrupt
a chain reaction of free radicals. Such non-enzymatic antioxidants include polyphenols,
carotenoids, and vitamins C and E [112,113].

3.1. Natural Antioxidants and Their Importance

Many naturally occurring antioxidant compounds are found in fruits, vegetables, and
cereals. Polyphenols are one of them. Certain fruits such as apples, grapes, oranges, berries,
and cherries contain polyphenols in significant amounts. These polyphenols are consid-
ered as secondary metabolites of plants and are commonly involved in defense against
pathogens [114–116]. Long-term consumption of polyphenol-rich diets provides protection
against various diseases such as cardiovascular diseases, diabetes, osteoporosis, and neu-
rodegenerative diseases, as well as the development of cancers known to have increased
free radicals [114,115,117]. Polyphenols can be classified into phenolic acids, flavonoids,
and lignans [115]. Polyphenols present in the tea are thought to be involved in reducing
blood pressure due to their antioxidant activity as well as their positive effect on the func-
tions of endothelial cells [116]. Fruits and vegetables contain a broad variety of antioxidants,
such as vitamins and polyphenols. Polyphenols are polyhydroxylated phytochemicals,
which possess two key classes, i.e., flavonoids and phenolic acids. Flavonoids comprise a
large group of polyphenols divided into several subclasses, such as flavones, flavanones,
and flavanols [118,119]. Several fruits, such as apples, grapes, blueberries, blackberries,
raspberries, and strawberries, are rich in polyphenolic compounds. Anthocyanins are key
polyphenolic compounds present in colored fruits, which have beneficial effects against
various diseases, such as pancreatic cancer [120,121]. Polyphenolic compounds such as
Silymarin exhibited promising action in preventing and treating several diseases, such as
neurodegenerative diseases, and oxidative damage due to physical exercise [122–125].

Carotenoids are efficient scavengers of singlet oxygen and other reactive oxygen
species [126]. Carotenoids play an important role, such as boosting antioxidants and
immunity [127]. Several carotenoids, such as astaxanthin, fucoxanthin, and lutein, are
powerful antioxidants as well as anti-inflammatory agents [128–131] in cardiovascular
diseases [132] and neurodegenerative disorders [133,134]. Carotenoids can effectively
neutralize free radicals and exhibit different levels of antioxidant activities because of the
presence of highly polarized functional groups [134]. In a study involving participants with
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type 1 diabetes, it was observed that a greater intake of fruits, vegetables, and carotenoids
was associated with higher levels of carotenoids in serum with no moderation of glucose
levels or oxidative injury [135]. However, Zeaxanthin, a carotenoid, has been proven
to avert diabetic retinal abnormalities and retinal dysfunction by regulating oxidative
damage [136]. In a focal brain ischemia rat model, β-carotene administration significantly
reduced nuclear factor kappa B in the brain while maintaining the histological architecture
of brain tissues. β-carotene also significantly suppressed Bcl-2-associated X protein and
caspase-3 expression, suggesting a neuroprotective action [137].

Vitamins are biological substances that are required for the regular functions of cells,
as well as for the growth and development of the body. Among all vitamins, vitamins C
and E exhibit significant antioxidative effects by controlling oxidative damage. Vitamin
C and E improved antioxidant enzymes and reduced free radicals in a rat model with
repetitive loading exercise as well as aging [138]. Employees of a power plant where
they are routinely exposed to extremely low-frequency electromagnetic fields, which is
known to cause oxidative damage, showed a declining trend of lipid peroxidation with
an enhancement in the level of antioxidant enzymes after supplementation of vitamin C
(1000 mg) and E (400 units) every day for 90 days [139]. Vitamin E is a known antioxidant
and is ubiquitously present in vegetables. It has been shown to have various therapeutic
applications [140]. Chronic administration of Vitamin E to Phosphatase and tensin ho-
molog (PTEN)-induced kinase 1 knockout (PINK1−/−) mice showed full restoration of
corticostriatal synaptic plasticity. Thus, it has been suggested to strongly protect against
neurological diseases such as PD [141]. A vitamin E-rich diet may minimize the risk of
PD. Vitamin E shields our body from the destructive effects of free radicals by neutralizing
various them [142,143]. Vitamin C prevents age-induced oxidative damage in hippocampal
neurons by controlling free radical damage, as demonstrated in an in vitro study [144]. A
clinical study has documented the protective effect of combined administration of vitamin
E and C to delay the onset of neurodegenerative diseases (AD) in older people [145]. It has
also been exhibited that a co-supplementation of vitamin E with omega-3 fatty acids can
avert lipid peroxidation in PD patients. Also, this co-supplementation showed a decline in
high-sensitivity C-reactive protein and increased levels of glutathione and total antioxidant
capacity in PD patients [146].

3.2. Limitations of Natural Antioxidants and the Need for Novel Therapeutics

It has been well documented that an enormous amount of antioxidant compounds are
present in nature, and they have protective action against many diseases. However, such
compounds have limitations, such as low shelf life and trivial amounts of antioxidants.
Apart from these limitations, even such antioxidant compounds also have low bioavailabil-
ity and poor water solubility. Further, the extraction and long-term storage of pure and
active compounds are very difficult and tedious. Furthermore, the levels of polyphenols
and other antioxidants in these vegetables and fruits are inconsistent, and their levels vary
with the seasons and particular environmental circumstances/conditions [122,147,148]. As
a result of such variations in antioxidant compounds and their concentrations in vegeta-
bles and fruits, it becomes very difficult to advocate/decide the amount that should be
ingested. As a consequence, it is necessary to determine the appropriate levels of such
antioxidants for the therapeutic purpose; otherwise, they would have a negative impact
on the health of a patient or even a healthy person. It has been very commonly presumed
that the consumption of higher doses of such dietary supplements could become powerful
disease-preventive and immune-boosting agents. However, in human studies, recently,
two meta-analysis investigations with vitamins or micronutrient preparations documented
that higher doses of antioxidant supplements may increase the frequency of cardiovascular
diseases and cancer and result in a higher mortality rate [149,150]. Several antioxidants,
such as carotenoids, have been isolated and studied from several microalgae, such as
lutein from Chlorella protothecoides, β-carotene from Dunaliella salina, and astaxanthin from
Haematococcus pluvialis [151]. Besides the negative impact of high doses of antioxidants
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on human health, the extraction of pure and active compounds from plants and several
microalgae is very difficult due to the presence of rigid cell walls. Hence, the recovery
of pure bioactive molecules from vegetables, fruits, and some microalgae poses a major
challenge. To meet this challenge, there are several novel therapeutic approaches, which
are discussed in the next section.

4. Role of Nanoparticles (NPs) as Reactive Oxygen Species (ROS) Scavengers and/or
Modulators of Activities of Antioxidative Enzymes to Reduce Oxidative Stress
in Neurodegeneration

Oxidative stress represents a prominent avenue through which cellular toxicity can
manifest. Oxidative damage can cause uncontrolled cell signaling; morphological and phys-
iological changes in cell and cellular organelles; and alterations in cell motility, apoptosis,
cell death, and carcinogenesis [152,153]. Thus, the utility of antioxidants is indispensable in
averting or, in most instances, mitigating the deleterious consequences induced by ROS.
Notably, the hydroxyl radical exhibits pronounced reactivity toward a diverse array of
biomolecules, encompassing proteins and nucleic acids, and boasts the loftiest one-electron
reduction potential among physiologically significant ROS [154]. Antioxidants serve as
the exclusive shield against the detrimental influence of hydroxyl radicals. Functioning
as reducing agents, antioxidants engage in redox reactions by donating electrons or hy-
drogen atoms. By adhering to specific constraints, this enzymatic process facilitates the
seamless execution of cellular functions while concurrently thwarting the oxidation of
pivotal structural constituents and other indispensable elements [153,155,156].

A normal defensive reaction to stimuli, including infection, damage, and poisons, is
inflammation. However, it has been shown that excessive and unchecked inflammation can
cause illnesses, including heart disease, hepatitis, nephritis, and sluggish wound healing.
It is well-accepted that oxidative imbalance and inflammation are closely related [157].
In an overly inflammatory state, ROS may exacerbate localized tissue damage and cause
persistent inflammation that impairs blood–brain barrier permeability, resulting in affecting
neural tissues [158,159]. Consequently, it has been postulated that employing a wide range
of nanoparticles and their conjugates as antioxidants to scavenge ROS represents a viable
therapeutic approach for managing diverse inflammatory conditions. Nonetheless, the
clinical utility of these pharmacological agents is hampered by challenges such as limited
absorption, chemical instability, and suboptimal efficacy, which impose constraints on their
widespread momentum in the medicament of free radical-associated diseases [156]. Certain
studies have demonstrated that conjugated or functionalized NPs can cross the blood–brain
barrier (BBB) and exhibit their neuroprotective role against ROS-mediated neuronal toxicity
and brain inflammation [160–163].

Advancements in nanotechnology medicine have paved the way for novel approaches
to enable ROS clearance and the subsequent management of ROS-associated disorders.
Through the utilization of diverse functional nanomaterials, including ceria, carbon, redox
polymers, platinum, and polyphenol NPs, new avenues have emerged for effectively
addressing ROS-related pathologies. The following sections detail the use of these various
diverse functional nanomaterials and their utility in treating neurodegenerative diseases.

4.1. Unique Properties of NPs

Nanoparticles (NPs) are tiny elemental entities in nanotechnology that exhibit unique
properties due to their small size. They combine electrons, phonons, and photons at the
nanometer level, leading to novel materials with distinct chemical, physical, and biological
characteristics. For instance, in a 10 nm grain size, 14% to 27% of atoms can be found
within 0.5–1.0 nm of a grain boundary [164]. Grain boundaries significantly impact material
characteristics compared to microstructural metals and alloys. As the grain size decreases,
disorderly interfaces and lattice defects increase, influencing material properties. The
fraction of atoms near grain borders scales as 1/d with decreasing grain size (d). Ultrafine-
grain materials are mainly influenced by interfacial rather than bulk characteristics [164].
NP reactivity is influenced by size, shape, and structure, along with other factors. Different
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reactions exist based on NP size, impacting properties like the melting point, optical and
magnetic properties, reactivity, and conductivity. These shifts stem from quantum physics,
where bulk characteristics result from the sum of all quantum forces on atoms [164–166].

In general, quantum effects, increased surface area, and self-assembly are credited with
giving nanomaterials their distinctive features. The behavior of matter at the nanoscale,
especially at the lower end, can start to be dominated by quantum effects, which can affect
how materials behave optically, electrically, and magnetically. It is believed that this is
because the matter at the nanoscale no longer obeys Newtonian physics but rather quantum
mechanics, which is explained by the quantum confinement, size effect, and density of
states (DOS). Second, compared to the same mass of material generated in bulk form,
nanoparticles have a considerably larger surface area. The proportion of surface atoms
increases with decreasing particle size, increasing reactivity by increasing the number of
active sites. In some instances, materials that are inert when created in their bulk form
end up becoming reactive when produced in their nanoscale form. All nanomaterials,
regardless of shape, including nanoparticles, nanocoatings, nanotubes, and nanowires, are
affected by increasing surface areas [164]. Different NPs and their conjugates are mentioned
in Figure 1.
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4.1.1. Biological Properties

Due to the dynamic nature of many NPs, which obscures recognition by the retic-
uloendothelial system (RES) of the cells, they can be utilized to encapsulate a variety of
medicines, proteins, enzymes, DNA, and siRNA. This allows for extended circulation times.
NPs can enhance the pharmacokinetics, pharmacodynamics, and biodistribution of medic-
inal compounds due to their small size, which makes them better adapted to cross-cell
membranes [167,168]. One of the most significant applications of NPs is in drug and gene
delivery, which involves delivering therapeutically relevant DNA to in vitro or in vivo
targets [169]. Due to their safety and simplicity of manipulation, polymeric nanoparticles
have emerged as potential options among the suggested nanoparticles. Lipid nanoparticles
have also been used for the delivery of genes because of their low toxicity and simplicity in
surface functionalization. This enables the selective control of surface attributes like charge
and hydrophobicity [170]. Additionally, Plasmid DNA (pDNA) was delivered using gold-
NPs chemically modified with primary and quaternary amine moieties. This method was
more effective than traditional transfection agents for intracellular delivery [167,171,172].
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4.1.2. Biodistribution and Pharmacokinetics

The particle size is one of the most essential elements defining the in vivo fate of NPs,
such as retention in circulation, bypassing numerous biological barriers, and diffusion into
tissues (Table 2). The particle size also dictates the uptake and removal by reticuloendothe-
lial system (RES) cells, specifically in the liver and spleen. The size of the NPs will aid in
their internalization by the target cells. According to the research, NPs smaller than 100 nm
appear necessary for most in vivo applications because they can effectively diffuse through
tissues and gain access to vascular fenestrations. The characteristics of the target cells may
determine the preferred uptake mechanisms, which may be endocytosis, pinocytosis, or
phagocytosis, as well as the ideal size for internalization [167].

Table 2. Impact of nanoparticle size on biodistribution and pharmacokinetics.

Vector Proposed Study Results References

AuNPs In vivo biodistribution studies
10 nm-sized AuNPs were
discovered to localize in
diverse organs.

[173]

PEG-PHDCA
nanoparticles

Particle size effects on the
rHuTNF-a loaded
PEGPHDCA nanoparticles’
elimination half-lives

Nanoparticles with the
longest circulation times are
80 nm in size.

[174]

AuNPs coated with
thioctic acid
terminated PEG

In vivo biodistribution studies

The 20 nm AuNPs were
detected in naked mice with
subcutaneous A431
squamous malignancies.

[175]

PEGylated nanoparticles
Analysis on how size affects
pharmacokinetics
and biodistribution

The PLA-PEG composition
>70 nm exhibited prolonged
systemic circulation and
reduced liver uptake,
whereas that of <70 nm
exhibited accumulation in
the liver.

[176]

PEG-modified
poly-e-caprolactone
(PCL) nanoparticles

Tamoxifen delivered
systemically using PCL
nanoparticles for breast
cancer patients

PEG modification improved
circulation time and
decreased particle size
and agglomeration.

[177]

Block copolymer
micelles (BCMs)

In vivo study on
size distribution

Compared to BCMs of
60 nm, BCMs of 25 nm were
promptly removed from
the plasma.

[178]

RhB-CMCNP and
RhB-CHNP In vivo biodistribution studies

In tumor cells, negative
charges and particles smaller
than 150 nm tended to
accumulate more quickly.

[179]

Abbreviations: RhB-CMCNP—Rhodamine B carboxymethyl chitosan grafted nanoparticles; RhB-CHNP—
Rhodamine B chitosan hydrochloride grafted nanoparticles.

4.1.3. Cellular Internalization of NPs

The plasma membrane of the cells selectively inhibits the uptake of therapeutic com-
pounds with a molecular weight (MW) above 1 kDa, and cellular internalization is tightly
restricted to the endocytic pathway [180]. Endocytosis is the process by which cationic
nanoparticles enter cells after interacting with anionic cell membranes through electrostatic
forces of attraction. Engulfment of nanoparticles in membrane invaginations to form endo-
somes, payload delivery by endosomes to various specialized vesicles, and delivery of the
payload to various intracellular compartments are the three main steps of endocytosis of
nanoparticles process [167,181–183]. It is important to note that 500 nm small latex parti-
cles were found to be internally processed by cells through an energy-dependent process,
according to research on the impact of the particle size on the internalization pathway
and subsequent intracellular fate in nonphagocytic B16 cells [184]. NPs’ size influences
uptake efficiency. As the size increased from 50 to 500 nm, smaller particles were severely
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disrupted by microtubule disruption, while 500 nm-sized nanoparticles were unaffected.
In a study on Caco-2 cell lines, 100 nm-sized PLGA NPs were taken up about 2.5 times
more than 1 mm-sized and six times more than 10 mm microparticles [185]. The process
of absorbing nanoparticles via mucosal and epithelial tissue is largely influenced by the
size of the particles, with intracellular trafficking coming in second [186]. In an ex vivo
canine carotid artery model, it was found that small nanoparticles (100 nm) had more
than three times the arterial absorption of large nanoparticles (275 nm) [187,188]. The
larger micron-particles were primarily localized in the epithelial lining, whereas the smaller
nanoparticles could easily pass through the submucosal layers [167].

4.2. Application of Gold-Based NPs (AuNPs) and Their Antioxidant (Phytochemical) Conjugates
in Oxidative Stress

Gold has a special reputation, both as a precious metal among its peers and as a noble
biocompatible element, especially regarding its nanoparticle formulation [189]. This is due
to its surface having a special effect that gives rise to different therapeutic activities [190].
Enhanced production of free radicals plays the most pivotal role in the pathology of several
diseases [191], including some of the most chronic to acute ones. Here, antioxidants play
a crucial role in relieving oxidative injury [192]. Unlike micro-organism-based AuNPs,
plant-based or phytochemical-AuNP conjugates are environment-friendly, non-toxic, cost-
effective, scalable, stable, and possess non-aggregation properties [193]. AuNPs (100 nm,
spherical) synthesized from the rhizome of Paeonia moutan acted as an anti-inflammatory
agent in the in vitro (murine microglial BV2 cells) model of PD [194]. On a similar note,
Wang et al. designed AuNPs (20 nm, spherical) and stabilized them using flavonoids
from the leaf extract of Scutellaria barbata, where the NPs were observed to be efficient in
inhibiting aggregation of Aβ40, thereby acting as a novel β-amyloid inhibitor [195].

Inflammation is also known to result in oxidative damage [196]. Species like plumeria
and others have been apprised due to their anti-inflammatory and wound-healing (where
ROS have an important role to play) properties, respectively [197–199]. AuNPs conjugates
synthesized from the leaf extract of Euphrasia officinalis showed various shapes, including
spherical, hexagonal (with lattice fringes), and triangular. AuNPs significantly reduced the
phosphorylation and degradation of inflammatory mediators (IκB-alpha) and inhibited the
nuclear translocation of NF-κB p65, acting as an anti-inflammatory agent [200]. Similarly,
AuNPs combined with epigallocatechin gallate and α-lipoic acid significantly accelerated
cutaneous wound healing in mice models [201]. Furthermore, chronic inflammation has
long been evidenced to be responsible for the initiation (and progression) of various
diseases, such as malignancies [202], by reducing the body’s defense wall (i.e., antioxidants)
against angiogenesis and metastasis [203]. Here too, AuNP conjugates have shown their
unique pharmacotherapeutic properties, as apparent from the first-of-its-kind study. AuNP-
silibinin (AuNP-Sb) conjugates (spherical, 163 ± 5 nm) were formulated and targeted to
treat lung cancer cells. To their amazement, combining Sb with AuNP increased its efficacy
~5-fold when compared to its control [204]. Therefore, from the above studies, it is evident
that phytochemical conjugates of AuNPs could be of potential therapeutic importance to
alleviate inflammation and moderate ROS.

The capacity of AuNPs as nanocarriers has received much attention for treating neural
tissues. Gold nanoparticles contain numerous and specific properties, which make them
suitable as nanocarriers for crossing the BBB. Their ability to be tailored into various shapes
and positions, which they can combine with their low toxicity and compatibility with living
systems, make them a compelling choice [205–207]. Moreover, gold nanoparticles and their
combinations with other compounds can mimic the enzymatic activities of superoxide
dismutase, oxidase, glucose oxidase, peroxidase, and catalase [206,207]. Specifically, in
terms of exhibiting superoxide dismutase activity, which involves converting superoxide
ions into hydrogen peroxide and oxygen, gold nanozymes operate similarly to natural
enzymes [205]. In the process of catalase mimicking action, hydrogen peroxide reduces the
Au2+ to Au+, leading to the production of protons and oxygen. To clear hydrogen peroxide,
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a second hydrogen peroxide reacts with oxygen vacancies, resulting in the oxidation of gold
to gold dioxide and the production of water. AD is characterized by neuronal degeneration,
commonly observed in the hippocampus region, entorhinal cortex, frontal cortex, and
amygdala. Recent research has shown that gold nanozymes have the potential to mitigate
mitochondrial dysfunction, which is a significant contributor to neurodegenerative diseases.
Additionally, these nanozymes can help to combat acute oxidative damage and unwanted
inflammation in the cortex and hippocampal regions of the brain [205,208]. A recent study
on AD rat models involved an intracerebroventricular injection of okadaic acid. Then,
they underwent 21 days of treatment with 20 nm AuNPs (dose: 2.5 mg/kg) every 2 days.
Animals given only okadaic acid had higher levels of Tau phosphorylation in their cortex
and hippocampus, while those given AuNP showed normal levels. AuNP therapy reduced
elevated levels of nitrite, free radicals, and sulfhydryl in the brain caused by okadaic
acid [209]. Additionally, it has been observed that this therapy improves the levels of
catalase, glutathione, and superoxide dismutase, which are important antioxidant enzymes
involved in cellular defense mechanisms [205,209,210].

Oxidative injury is a key factor for demyelination as well as neurodegeneration in
multiple sclerosis [3,211]. It was demonstrated that AuNPs stabilized with glutathione
could easily pass the BBB and prevent the aggregation of Aβ-42 fibrils without causing
any side effects [212]. Oligodendrocyte Progenitor Cells (OPCs) in multiple sclerosis
(MS) are unable to remyelinate because of the cellular stress they experience, which also
causes bioenergetic processes to fail [205,213,214]. Oral administration of gold nanocrystals
improved motor functions in cuprizone-treated animals. In vitro studies demonstrated
enhanced oligodendrocyte maturation, increased expression of myelin differentiation
markers, and upregulation of genes associated with myelin synthesis due to the gold
nanocrystal treatment [215]. Gold nanocrystals have shown promise in treating multiple
sclerosis (MS) by promoting remyelination and enhancing oligodendrocyte progenitor
cell (OPC) differentiation. The mechanism of action involves a nanocatalytic process
that utilizes NAD+ and NADH [205,215]. As a result, gold nanoparticles are extremely
dependable in usage. Additionally, due to their versatility, they are a special material with
a wide range of potential uses.

4.3. Protective Effect of Silver-Based NPs (AgNPs) and Their Antioxidant Conjugates
in Oxidative Stress

Silver is considered second to gold when it comes to the precious list of metals. AgNPs
also have remarkable characteristics, such as a wide surface area, excellent dispersion, and
small size. These features of AgNPs aid in their wide biomedical applications as antioxi-
dant, anti-inflammatory, antimicrobial, anticancer, and antidiabetic agents. The pathology
of all of these is related to oxidative injury [216–219]. The synthesis of AgNPs from Tamarix
articulata leaf extract showed potential anti-inflammatory and antimicrobial activity. The
AgNPs obtained were spherical and exhibited antioxidant activity (DPPH scavenging:
68.23%, H2O2 reduction: 70.09%, ferric3+ reduction: 68.23%). They also demonstrated
potent anti-inflammatory properties (inhibition of albumin denaturation: 73.19%, pro-
tease activity: 70.196%, membrane stability against heat: 74.16%, and hyposaline-induced
hemolysis: 72.98%), as well as antimicrobial activity against five bacterial strains and one
fungal strain, when compared to controls [220]. Similarly, Küp and associates synthesized
AgNPs using leaf extract of Aesculus hippocastanum, which were spherical and had a size
of 50 ± 5 nm. Moreover, these NPs exhibited strong antibacterial activity (against 8 Gram
(+) ve and 6 Gram (−) ve bacteria) and antioxidant activity (DPPH scavenging (54.72% at
100 ppm), as well as superoxide radical scavenging activity (62.9%)). In addition, it was also
noted that the resveratrol-conjugated AgNP had a capping effect, as it reduced the flank
influence of resveratrol on normal tissues [221]. Therefore, from the above studies, it could
be understood that AgNP (extract) conjugates could be of potential therapeutic importance
for their antioxidant or scavenging ROS, anti-inflammatory, and antimicrobial properties.
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The properties of Ag-based nanoparticles (antimicrobial and anti-inflammatory) have
undergone extensive investigation. Recent research has revealed the robust antioxidant
activity of nanoparticles, which has expanded their application into the realm of antioxidant
therapy. This activity is attributed to their ability for free radical scavenging and lipid
peroxidation inhibition [222]. Moreover, their surface chemistry allows for easy conjugation
with various antioxidants, enhancing bioactivity and stability [223].

Silver-based nanoparticles can be effectively conjugated with antioxidants, leading
to enhanced stability and bioactivity, which in turn improves their therapeutic efficacy.
Antioxidants like quercetin, curcumin, and resveratrol have been successfully linked with
silver nanoparticles using electrostatic interaction, covalent bonding, and physical adsorp-
tion [224]. The choice of method depends on the properties of the antioxidant and the silver
nanoparticles.

The antioxidant efficacy of silver-based nanoparticles arises from their capability to
effectively scavenge free radicals and impede lipid peroxidation processes [225]. The silver
nanoparticles can directly interact with the free radicals, neutralizing them and preventing
oxidative damage. Moreover, the conjugation of antioxidants with silver nanoparticles
can enhance their antioxidant activity, resulting in improved therapeutic efficacy. Several
studies have reported the antioxidant activity of nanoparticles like silver and gold along
with their conjugates in laboratory-based research studies [226]. It has been reported that
AgNPs exhibited a substantial reduction in lipopolysaccharide (LPS)-induced oxidative
damage and TNFα production in microglial cells [227]. Silver-based nanoparticles and
their antioxidant conjugates have diverse potential applications. In the pharmaceutical
sector, they enhance drug formulation stability and therapeutic efficacy. However, Ag-
NPs and their antioxidant conjugates need to be studied more regarding ROS-associated
neurodegeneration. The antioxidant conjugates of silver nanoparticles hold promising
prospects for treating various ailments, including cancer, neurodegenerative problems, and
cardiovascular disorders.

4.4. Platinum-Based NPs (PtNPs) and Their Antioxidant Conjugates in Oxidative Stress

Platinum (Pt) is a clinically used catalyst for chemotherapy medications like cisplatin
and is used in synthetic chemistry for hydrogenation and oxidation processes. Previous
research has indicated that platinum possesses the potential as a mimic of SOD and CAT in
the treatment of diseases associated with free radicals [228]. Pt exhibits catalytic activity in
converting superoxide (O2

-) to hydrogen peroxide (H2O2) and further converting H2O2
to water (H2O) and molecular oxygen (O2). Pt-conjugated NPs showed better antioxidant
activity against ROS [229]. PtNPs conjugated with citrate showed potential antioxida-
tive activity by scavenging intracellular ROS without a cytotoxic effect. It also showed
modulation in the transcription of different genes affected by LPS treatment [230].

At a concentration of 1%, Pt shows enhanced cellular endocytosis and exerts an
antioxidant effect similar to unconjugated nano-P. This leads to increased bioavailability
and reduced toxicity compared to prebinding levels. TAT-Pt NPs have the potential to
improve nematode survival from enhanced endogenous ROS [231]. A PtNP-conjugated
nanomotor operated based on the local concentration gradient of oxygen (O2) showed
the breakdown of hydrogen peroxide (H2O2). The experimental findings highlighted the
nanomotor’s ability to effectively counteract gastric acid while simultaneously releasing
medication, leading to a favorable therapeutic outcome without any observed toxicity [232].
PtNPs exhibited excellent free radical scavenging activity and reduced oxidative injury
generated by H2O2 [233]. The neuroprotective role of PtNPs and their conjugates have been
observed in various animal models with neurological challenges, such as middle cerebral
artery occlusion (MCAO) [234] and PD [235], but the detailed underlying mechanisms are
obscured. Hence, nanomotors based on PtNPs can be further studied to reduce oxidative
stress-associated neurological diseases.
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4.5. Antagonistic Effect of Copper-Based NPs (CuNPs) and Their Antioxidant Conjugates against
Oxidative Stress

Copper (Cu) exerts a multifaceted influence on cellular processes, augmenting the
enterprise of superoxide dismutase (SOD) as well as other enzymatic systems [236]. Copper
(Cu) enhances enzyme detoxification mechanisms, counteracts free radicals, and modu-
lates specific signaling pathways to preserve organism balance and avoid inflammatory
disorders. Potential antioxidant nanomaterials and metal–organic frameworks (MOFs) also
show promise in reducing free radicals, with copper-based MOFs exhibiting peroxidase
mimetic activity by decomposing H2O2 [231,237].

Copper (Cu), a vital trace metal for human physiology, participates in numerous
enzymatic systems, including tyrosinase and Cu-Zn SOD. Based on this understanding,
the logical inference arises that copper-based nanomaterials possess the potential for scav-
enging ROS. Cu nanoparticles (NPs) demonstrate strong catalytic ability in eliminating
H2O2 and O2 due to quantum confinement effects. However, they cannot neutralize OH si-
multaneously. In contrast, Cu2O NPs can deactivate both H2O2 and OH, displaying potent
catalytic activity similar to peroxidase enzymes. Integrating Cu2O and Cu nanocrystals
can create a synergistic effect, resulting in a composite with enhanced enzymatic catalytic
capabilities and antioxidant properties. The effective separation of electron–hole pairs
between Cu2O and Cu promotes the Cu2O coating on CuNPs, further enhancing ROS
scavenging performance [156]. In their pursuit to combat an array of ROS-associated disor-
ders, such as neuronal damage and inflammation, ultra-small Cu5.4O NPs (Cu5.4O USNPs)
are distinguished by their exceptional biocompatibility, enzymatic free radical scavenging
efficacy, as well as remarkable renal clearance attributes. Cu5.4O ultra-small nanoparticles
(USNPs) exhibited remarkable oxidative damage-reducing potency, which may be observed
in neurodegeneration. Notably, these particles represent a significant reduction of at least
two orders of magnitude compared to previously reported nanomaterials employed for
ROS-related disorder treatments. The Cu5.4O USNPs behaved as analogs of catalase (CAT),
glutathione peroxidase (GPx), and superoxide dismutase (SOD), exhibiting broad-spectrum
ROS scavenging capabilities. Moreover, the ultra-small NPs possessed excellent renal clear-
ance properties and exerted a remarkable therapeutic effect against various ROS-linked
disorders without discernible evidence of adverse effects [156,231]. Hence, because of their
easy bioavailability, antioxidant activity, and excellent renal clearance, such ultra-small
copper-based NPs need to be explored more in detail for their antagonistic activity against
ROS and oxidative stress-induced neurodegeneration.

4.6. Therapeutic Role of Zinc-Based NPs (ZnNPs) and Their Antioxidant Conjugates

H2O2 contributes to cellular damage by reducing the activity of SOD in O2-generating
systems [238]. Free radical generation and inflammation are known to cause high-level
tissue-destruction mechanisms [239–241]. Therefore, a reduction in free radicals is crucial
for curing various diseases. Zinc oxide and its conjugated NPs, a known metal oxide
commonly used in coatings, paints, and cosmetic products such as sunscreens, is currently
valued for its potential antioxidant, anti-inflammatory, antibacterial, and UV-protection
properties [241–245]. The hippocampus plays a vital role in cognitive processes such as
learning and memory in both rodent and human populations [246]. Anatomical or struc-
tural alterations within the hippocampus may underlie the decline in cognitive function
observed in diabetic rats, potentially attributed to hyperglycemia-induced changes [247].
Administration of CurNP and zinc oxide nanoparticles (ZnNPs) to the animal model with
hippocampal modifications showed significant improvements in spatial memory perfor-
mance. In the rat model of type 2 diabetes mellitus (T2DM), administration of CurNP
and ZnNP resulted in increased time spent in the target quadrant and a twofold increase
in crossing the platform zone. These nanoparticles can potentially safeguard cognitive
functions related to spatial and memory abilities in the diabetic rat model [246]. In AD,
oxidative damage is an early indication and a result of amyloid-beta (Aβ) accumulation
in the brain. ZnNPs demonstrated significant efficacy in diabetic rats by restoring the
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activity of GPx, SOD, and catalase (CAT). They also increased reduced glutathione (GSH)
production while reducing levels of free radicals [246]. Recently, ZnNPs synthesized us-
ing the rhizhome extract of Zingiber officinale and aqueous extract of Andrographis alata
exhibited a potential anti-Alzheimer activity by inhibiting Acetylcholinesterase (AChE)
and Butyrylcholinesterase (BChE) as well as antioxidative action in vitro [248,249]. Various
drug (docosahexaenoic acid and osthol)-loaded ZnNPs showed promising neuroprotec-
tive effects by modulating synaptic proteins such as postsynaptic density-95 (PSD-95);
synapsin-1; synaptophysin (SYP); and brain neurotransmitters such as noradrenaline, sero-
tonin, and dopamine [250,251]. Further detailed studies are needed to develop potential
ZnO-conjugated NPs for treating neurological diseases.

4.7. Aluminum-Based NPs (AlNPs) and Their Antioxidant Conjugates against Oxidative Stress

In recent years, aluminum-based nanoparticles (AlNPs) have garnered considerable
interest owing to their distinctive characteristics, encompassing their substantial surface
area, elevated reactivity, and biocompatibility. These inherent properties position AlNPs as
highly promising contenders for a diverse array of applications, encompassing biomedical,
environmental, and energy sectors. However, their reactive nature also makes them prone to
oxidation, leading to reduced stability and potential toxicity. To overcome these challenges,
researchers have fabricated air-sensitive aluminum NPs, resulting in enhanced stability
and improved reduction potential [252].

Antioxidant conjugation of AlNPs can improve their stability and enhance their
therapeutic efficacy. Various Al-based NPs exhibited potential antioxidant activity, such as
grapefruit peel-fabricated Al2O3 NPs [253], Irganox 1010-fabricated Al2O3–poly(ethylene-
co-butyl acrylate) nanocomposites [254], and Al2O3 NPs synthesized via the laser ablation
technique [255]. The conjugation of antioxidants with NPs or entrapped in nanogel can also
enhance their bioavailability and facilitate their cellular uptake, in addition to diminishing
free radicals [256]. Dual-epitope synthetic long peptides (SLPs)-loaded AlNPs [257] showed
potential application in the biomedical field (anti-tumor immunotherapy). However, very
few studies showed the potential therapeutic activity of Al-conjugated NPs. Hence, there is
a need to study the antioxidant activity and free radical scavenging activity of AlNPs to
protect neurons and the brain from oxidative injury.

4.8. Beneficial Action of Selenium-Based NPs (SeNPs) and Their Antioxidant Conjugates in
Oxidative Stress

Selenium refers to a fundamental known element that exerts a pivotal responsibility for
the preservation of men’s health and homeostasis. However, excessive intake of selenium
can lead to toxic effects. To address this issue, selenium nanoparticles (SeNPs) have been
extensively studied as a potential alternative to selenium supplements due to their superior
bioavailability, safety, and efficacy [258]. The dietary requirement of selenium is about
55–90 µg/day [259], whereas the maximum tolerable limit is about 1000–1500 µg/day,
which is in contrast with the human tolerable limit of 400–500 µg/day [260]. However, this
limit depends upon various factors such as biological variation, age, gender, nutritional
status, and health condition [260,261]. SeNPs have been shown to possess potent antiox-
idant activity, making them promising candidates for antioxidant therapy [262]. In the
cerebral cortex containing neurons and astrocytes, SeNPs inhibited oxygen and glucose
deprivation-induced (ischemia-like conditions) necrosis and apoptosis at doses of 0.5 and
2.5 µg/mL [263]. Treatment of SeNPs (20 nm) at doses of 0.05, 0.5, or 4 mg/kg body weight
(bw)/day for 28 days showed no effects on brain neurotransmitters, liver histopathology,
and hematological indices [264]. Treatment of SeNPs (0.5 mg/kg) for 2 months amelio-
rated deltamethrin-induced alterations in the brain redox state, brain histopathology, and
reduced brain acetylcholinesterase (AChE) levels in rats [265]. This represents the po-
tential neuroprotective role of SeNPs. Conjugating antioxidants with SeNPs enhances
stability and bioactivity, leading to improved therapeutic efficacy. Various antioxidants, like
quercetin, curcumin, and resveratrol, have been successfully conjugated with SeNPs [266].
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The antioxidant potential of SeNPs can be ascribed to their remarkable capacity to effec-
tively scavenge free radicals and impede lipid peroxidation. It has been documented that
a deficiency of selenium leads to neurological diseases such as AD, PD, seizures, and
epilepsy [267,268]. It has also been documented that SeNPs not only easily cross the BBB
but also prevent Aβ aggregation [269,270]. Chlorogenic acid (CGA)-conjugated SeNPs
(CGA-SeNPs) showed promising oxidative injury-reducing activity by scavenging ROS and
antiaggregatory properties by inhibiting Aβ40 aggregation. These NPs (60 µg/mL) also
exhibited protective action against Aβ aggregation-induced PC12 cell death, representing
strong neuroprotective action [271].

The SeNPs can directly interact with the free radicals, neutralizing them and prevent-
ing oxidative damage [272]. Moreover, the conjugation of antioxidants with SeNPs can
enhance their antioxidant activity, improving therapeutic efficacy. Several studies have
reported the antioxidant activity of SeNPs and their conjugates in laboratory-based research
studies [262]. The potential applications of SeNPs and their antioxidant conjugates exhibit
an extensive and diverse range. These nanoparticles find utility within the food industry
for preventing lipid oxidation, extending the shelf life, and enhancing food quality [273].
SeNPs can serve as antioxidants in pharmaceutical drug formulations, improving stability
and efficacy. Their antioxidant properties make them suitable for treating various ailments,
including cancer, neurodegenerative disorders, and cardiovascular diseases [274]. Several
studies have documented strong evidence that SeNPs and their conjugates with differ-
ent molecules (resveratrol [275], epigallocatechin-3-gallate [276], curcumin [277], penicil-
lamine [278], chlorogenic acid [271], morin [279], and sialic acid [280]) showed a significant
reduction in free radicals or ROS, Aβ aggregation, as well as disaggregation of preformed
Aβ fibrils into harmless oligomers. Due to the antioxidant and Aβ disaggregation activity
of SeNPs, they can be employed in treating various neurological disorders.

4.9. Use of Manganese-Based NPs (MnNPs) and Their Antioxidant Conjugates to Reduce
Oxidative Stress

Mn3O4 nanozymes or manganese dioxide (MnO2) nanoparticles have antioxidant
enzyme-like capabilities [281,282]. When compared to CeO2, which is the antioxidant
utilized most often, Mn3O4 nanozymes were found to be more efficient at removing ROS.
Besides ROS removal efficacy in vitro, MnNPs showed a strong protective effect in live
mice against ROS-induced inflammation in the ear [283]. Mn3O4 nanozymes exhibited
multienzyme mimetic activity to reduce free radicals and represent promising therapeutic
nanomedicine for the treatment of ROS-related diseases [284]. The exceptional multienzyme
activity of Mn3O4 nanozymes can be attributed to factors such as mixed valence states of
Mn2+/Mn3+, oxidation tolerance, large surface area, and extraordinarily large pore size.
These characteristics collectively contribute to the efficient catalytic performance of Mn3O4
nanozymes [285]. Treatment of an AD represented-mouse model with MnNPs showed a
noteworthy reduction in oxidative imbalance, neuroinflammation, and amyloid β plaques
in the brain. An MRI study also revealed microvessel integrity with clearance of amyloid
β [286]. In vivo (allodynia in Wistar rats via partial sciatic nerve transection) and in vitro
in bone marrow-derived macrophage cells studies revealed that treatment of MnNPs
significantly reduces oxidative injury, allodynia, and expression of inflammatory pain
mediator cyclooxygenase-2 [287]. Such ameliorative changes promise that the best-suited
treatment for neurological diseases associated with oxidative stress involves using MnNPs.

4.10. Potential Role of Titanium-Based NPs (TiNPs) and Their Antioxidant Conjugates in
Oxidative Stress

The unique physicochemical characteristics of titanium-based nanoparticles (TiNPs),
including their substantial surface area-to-volume ratio, catalytic activity, and biocompati-
bility, have rendered them versatile and prevalent across diverse domains. Their extensive
applications encompass biomedicine, cosmetics, food packaging, and environmental reme-
diation. The conjugation of polyphenols with TiNPs can improve their biocompatibility,
increase their stability in biological environments, and reduce their toxicity by scavenging
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free radicals. The incorporation of polyphenol-functionalized TiNPs holds promise for
augmenting their therapeutic effectiveness in a range of ailments, such as cancer, cardio-
vascular diseases, and neurodegenerative disorders [288]. TiNPs enhanced antioxidant
metabolism activity with ease and safe vesicular internalization by the cells. These par-
ticles also suppressed the expression of proteins involved in apoptosis, such as Casp8,
NF-κB, MAPK14, and JUN [289]. Various research studies have revealed the capability
of polyphenol-functionalized TiNPs or polymeric NPs as effective antioxidant agents. Ti-
tanium dioxide NPs synthesized from fruit peel exhibited dose-dependent antioxidant
activity via scavenging free radicals in vitro [290]. Marigold is an antioxidant known to
reduce ROS. Marigold-functionalized TiNPs showed strong free radical scavenging activ-
ity with no side effects [291]. Polyphenol-functionalized polymeric NPs or TiNPs have
shown great potential as effective antioxidant agents and in the medicaments of numerous
disorders such as cancer and cardiovascular disease [292,293].

Biosynthesized TiO2 nanoparticles from the Citrus aurantium fruit peel extract showed
promising anti-apoptotic effects in mammalian neuronal cell lines [294]. Polyphenol
conjugation with polymeric nanoparticles improves biocompatibility, increases stability,
and reduces toxicity by scavenging free radicals. Further research is needed to fully
understand the therapeutic potential and underlying mechanisms of action of polyphenol-
functionalized TiNPs in oxidative stress-associated neurodegenerative diseases.

4.11. Iron-Based NPs (IONPs) and Their Antioxidant Conjugates to Abolish Oxidative Stress

Iron oxide (Fe3O4) NPs are highly biocompatible and hence have been widely used
in drug delivery [295,296], therapeutic [297,298], bioimaging [296,299], as well as diag-
nostic purposes [298,300]. The antioxidant properties of IONPs were studied in two cell
lines (L929 cells and PC12), and they were found to be in the cytoplasm. IONPs exhibited
catalase-like characteristics that may effectively eliminate extra ROS within cells, preventing
them from oxidative damage and H2O2-induced death. On PC12 cells, Fe3O4 nanoparticles’
neuroprotective abilities were evaluated in vitro. PC12 cells, derived from the neural crest
and comprising neuroblastic and eosinophilic cells, upon stimulation with nerve growth
factor (NGF), can undergo differentiation resembling neurons [301]. Differentiated PC12
cells are commonly used in neuroprotective assays related to PD [302]. The compound
1-methyl-4-phenylpyridinium ion (MPP+) induces oxidative damage and cell death. In
cellular studies, IONPs have demonstrated the ability to prevent MPP+-induced cell death
and reduce the activation of caspase-3 and α-synuclein, two proteins associated with cell
death in PD. The elav-Gal4 and UAS-A lines were crossed to achieve neuronal-specific
production of the A peptide in the Drosophila AD model, allowing for targeted expression
of A within the nervous system. Fruit flies from the AD model had a greater capacity for
climbing and lived longer than untreated ones when fed food with IONPs. The strong
antioxidant qualities of IONPs in postponing animal aging and reducing ROS-induced
neurotoxicity were further confirmed by the Drosophila AD model [301]. Fe3O4 nanozymes
showed a potent mitigative effect against d-galactose-induced oxidative damage of the
neuroblast as well as apoptosis and autophagy in the hippocampal dentate gyrus [303].
IONPs showed potential application in the diagnosis and treatment of different neurode-
generative diseases, such as AD, PD, and ALS [304]. Quercetin-loaded NPs synthesized
from an iron oxide core with the coat of β-cyclodextrin and pluronic F68 polymer showed
a significant decline in neuronal loss and seizure in a model exhibiting epilepsy disorder
(pentylenetetrazole-induced kindling model) [305]. Based on all the above studies, it is very
clear that the iron-based NPs and Fe3O4 nanozymes have the potential to protect neurons
from oxidative injury and ROS; however, more comprehensive studies are also required to
further elucidate their role.
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4.12. Ameliorative Action of Cerium-Based NPs (CeNPs) and Their Antioxidant Activity against
ROS-Mediated Oxidative Stress

Cerium oxide nanoparticles (CeNPs) and ultrasmall CeNPs exhibit potent antiox-
idant properties, and they have a strong capability to treat diseases developed due to
life-threatening ROS [306]. CeNPs, also known as nanoceria or ceria NPs, have a large ther-
apeutic potential. Their ability to resemble biological antioxidants is ascribed to Ce3+ ions
in CeO2. Ce4+ and Ce3+, which are less stable in their oxide forms, coexist and form a redox
couple that gives the material its catalytic activity. There are enough oxygen vacancies to
make up for Ce3+’s lower positive charge. On the surface of ceria, there are more oxygen
vacancies and Ce3+ ions than there are in the bulk of the material. Consequently, Ce3+ ions
increase the density, followed by enhancing redox potential activation. Through the re-
versible binding of oxygen along with the conversion of Ce3+ to Ce4+ on their surface, Ceria
NPs neutralize free radicals. As a result of their SOD- and CAT-biomimetic properties, ceria
NPs defend cells from the most prevalent ROS, including O2, OH, and H2O2 [307–309].

Previous research has shown that monocytes may internalize cerium NPs, which have
surface oxygen vacancies and act as scavengers for free radicals [231,310]. Nanoceria can
influence intracellular ROS levels in this way, especially when the monocytes are stim-
ulated [274]. This stops one of its main sources from releasing too much ROS into the
environment. When constructed on a TiO2 substrate and considering Ceria, nanoparticles
with fullerene-like structures have the powerful ability to scavenge free radicals (ROS) and
reduce oxidative imbalance [311]. The significance of water-soluble cerium nanoparticles
(NPs) topically promotes the complete healing of deep wounds in mouse skin by stim-
ulating the regulation and modulation of fibroblasts, movement of vascular endothelial
cells, and migration of keratinocytes. These processes involve the removal of intracellular
reactive oxygen species (ROS) and the inhibition of apoptosis pathways activated by hy-
drogen peroxide (H2O2) [312]. By reducing ROS-induced cell death, the cellular uptake of
nanoceria plays a significant role in promoting wound healing. Nanoceria treatments help
the skin to close and revascularize, according to a mouse wound-healing study [231]. The
presence of a large quantity of ROS in the neurons and cerebrovascular cells is a deteriorat-
ing factor in the progression of neurological disorders such as AD. It has been reported that
the treatment of human cerebral microvascular endothelial cells (hCMEC/D3), exposed
to amyloid-β peptide (Aβ) oligomers with CeNPs exhibited restoration of the enhanced
levels of ROS and represented potent antioxidant activity [313]. Exposure of neuronal cells
to ischemia-like environments enhanced the mitochondria damage-based ROS production
and altered calcium homeostasis. These deteriorating conditions were ameliorated by
cerium-based nanomaterials with lipid self-assembling nanoparticles and represented an
excellent antioxidant agent to treat various neurodegenerative diseases and associated
life-threatening conditions due to free radicals [314]. Above all, the studies represented
the potent antioxidative and oxidative stress-reducing activity of cerium-based NPs; how-
ever, more detailed in vivo studies are required to explore their neuroprotective activity.
Table 3 represents the role of various NPs and their conjugates in neuroinflammation and
neurodegeneration-associated pathologies.
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Table 3. Role of various NPs and their conjugates in neuroinflammation and neurodegeneration-
associated pathologies.

Nanoparticles
Loaded or

Conjugated
Molecule

Disease Model Mechanism of Action References

AuNPs - AD Inhibits amyloid beta (Aβ)
peptide aggregation [212]

AuNPs - AD

Prevents spatial memory,
oxidative stress in brain,
neuroinflammation, restores
antioxidant status (SOD,
catalase activities, and GSH
levels) in brain

[209]

AuNPs Anthocyanin AD
Reduces Aβ-induced
neuroinflammatory and
neuroapoptotic markers

[315]

AuNPs Root extract of Paeonia moutan PD
Alleviates neuroinflammation
and restores
motor coordination

[194]

AuNPs
FM19G11

(a hypoxia-inducible
factor modulator)

ALS
Enhances proliferation and
self-renewal of ependymal
Stem Progenitor Cells (epSPCs)

[316]

AgNPs Aqueous extract of
N. khasiana leaf AD Prevents spatial memory and

recognition deficit [317]

AgNPs - PD Reduces ROS
and neuroinflammation [227]

PtNPs - Brain damage due
to ischemic stroke

Prevents ROS production,
brain damage, and
neurological function

[234]

PtNPs Extract of Bacopa monnieri leaf PD
Enhances GSH levels, activities
of antioxidant enzymes, and
locomotor activity

[235]

CuNPs Phenylalanine (Phe) PD Eliminates ROS and rescues
memory loss [318]

CuNPs - AD Reduces Aβ burden, oxidative
damage, and memory deficit [319]

Zinc-Polymeric NPs - AD Reduces plaque size and
normalizes hyperlocomotion [320]

ZnNPs Myco-fabricated AD
Improves learning and
memory; increases antioxidant
enzyme activity

[321]

SeNPs Resveratrol AD

Increases various
neuroprotective activities, such
as antioxidants,
anti-neuroinflammation,
and neurocognition

[322,323]

SeNPs Peptides, curcumin, Resveratrol AD Suppresses Aβ aggregation
and ROS generation [270,277,323]

SeNPs Ascorbic acid and chitosan PD Enhances antioxidant activity
and motor function [324]

SeNPs Rutin Epilepsy
Inhibits neuronal apoptosis
and enhances
antioxidant defense

[325]
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Table 3. Cont.

Nanoparticles
Loaded or

Conjugated
Molecule

Disease Model Mechanism of Action References

MnNPs - AD
Reduces hypoxia,
neuroinflammation, Aβ

plaques, and oxidative damage
[286]

IONPs Quercetin AD

Improves learning and
memory and inhibits
progression of
cognitive impairment

[326]

IONPs Hyaluronic acid nanogels AD
Impedes Aβ aggregation and
induces disaggregation of
Aβ fibrils

[327]

IONPs - PD
Improves gait, postural
stability, and
mitochondrial function

[328]

CeNPs Triphenylphosphonium AD
Improves mitochondrial
function and suppresses
neuronal death

[329]

CeNPs - AD
Decreases human Tau gene
expression and restores
superoxide dismutase activity

[330]

CeNPs - Traumatic Brain
Injury

Preserves antioxidant systems,
reduces free radical damage,
and improves cognition

[331]

Figure 2 represents the internalization of various functionalized NPs and career
molecules for the delivery of antioxidants or drugs to scavenge ROS and reduce oxidative
stress, which in turn protects neurons from oxidative damage.
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5. Nanotheranostics for Oxidative Stress

Nanotheranostic molecules represent key opportunities in the diagnostic and thera-
peutic challenges faced in various neurodegenerative diseases due to oxidative stress and
other factors. Nanoparticle-associated delivery of various drugs has been considered an as-
suring novel opportunity to treat neurodegenerative diseases. For this reason, various drug
delivery systems and nanoparticles (lipid-based nanomaterials, magnetic nanoparticles,
oxide/metallic nanoparticles, aptamer, gold/silver nanoparticles, and dendrimer-based
nanoparticles) can be functionalized to achieve regulated, coordinated, and long-term re-
lease of medicine or drug to the precise organ or tissue or cells [332,333]. Nanotheranostics
involve the administration of nanotheranostic molecules consisting of the outer shield and
covering the medicine or drug in the core. Such nanotheranostic molecules can disintegrate
after approaching the specific target area of the body and subsequently release the medicine
or drug [334–337]. Such nanotheranostic molecules can be custom-made based on specific
requirements, such as the type of stimuli and tissue or cell-specific microenvironment of the
disease, to provide personalized therapeutics. Stimuli can be oxidative injury or alteration
of pH and temperature of the microenvironment, etc.
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It has been reported that oxidative imbalance decreases the pH by affecting the ex-
change of ions across the membrane in neurons [338]. The normal pH of the extracellular
environment in tissue and blood is approximately 7.4, maintained by regular biochemi-
cal cycles like glycolysis, the citric acid cycle, and the electron transport chain. Elevated
levels of free radicals and reduced pH due to lipopolysaccharide have been reported to
trigger the release of encapsulated curcumin from curcumin-loaded nanoparticles. The
released curcumin exhibited potent anti-inflammatory and antioxidant activity, reduc-
ing ROS in an ankle-inflamed rodent model [339]. poly(ethyleneglycol)-block-poly(2-
(diisopropylamino)ethyl methacrylate) (PEG-b-PDPA–a pH-responsive diblock copoly-
mer) and D-α-tocopherylpolyethyleneglycol-1000-succinate (TPGS—a vitamin E derivate)-
derived micelles proved the best chemotherapeutic agent against doxorubicin-induced
cytotoxicity by targeting the transmembrane potential of mitochondria, which can gen-
erate oxidative imbalance [340]. Most of the pH-responsive nano-theranostics and/or
nanostructures have been applied to different diseases [338,341–344]. Such pH-responsive
polymers are associated with ionizable moieties or possess acid–labile linkages. Ionizable
moieties-associated polymers are prepared by the incorporation of acidic groups or basic
functional groups. Alteration of pH in the biological environment can either protonate or
deprotonate such ionizable moieties [345,346] and release the drug of interest (DOI).

ROS-responsive nanoparticles support the discharge or release of effective drugs and
protect against oxidative damage. Thus, they prevent groups of cells, tissue, or organs
from oxidative damage. ROS-responsive nanoparticles have been formulated using various
materials such as triphenylphosphine [347], graphene oxide [348–350], thioketal [351–355],
selenium [356], and tellurium [357]. Glutathione (GSH) is a crucial non-enzymatic an-
tioxidant present in cells and tissues. It is increased during oxidative stress and certain
pathological conditions. GSH/ROS responsive nanoparticles showed promising release
of the key drug present in the core via thiolysis or hydrolysis in the presence of GSH or
ROS-oxidation of the linker, respectively [358–360]. ROS-responsive thioketal nanoparticles
(TKNs) made from poly-(1,4-phenyleneacetone dimethylene thioketal) were synthesized
for delivering siRNA against proinflammatory cytokines to regions with elevated ROS
levels. Oral administration of these TKNs demonstrated protection against ulcerative
colitis [361]. The singlet oxygen-responsive crosslinker has been associated with hyper-
branched polyphosphate for the successful release of the drug of interest with great bio-
compatibility [362]. A ROS-activated and mitochondria-targeting drug delivery system
using ZnPc/CPT-TPPNPs was developed with a ROS-sensitive thioketal linker associated
with camptothecin as well as triphenylphosphonium, a positively charged compound
with a membrane-penetrating property [363]. Hydrogen peroxide (H2O2) (an active ROS)-
responsive CO2 bubble-producing poly(vanillin oxalate) nanoparticles showed antioxidant,
anti-inflammatory, and anti-apoptotic activity. These nanoparticles possess a vanillin
molecule that has anti-inflammatory activity, showing the best nanotheranostic activity
against ROS [364]. Figure 3 represents the mechanism of neuronal damage and their
protection by various NPs.

The development of ROS-responsive nanoparticles and their therapeutic activity
needs to be explored more by using different in vitro and in vivo models for various
ROS-dependent pathological conditions.
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Figure 3. Mechanisms of neuronal damage and its protection by various NPs. Various NPs and their
functionalization can protect neuronal cells from neurodegeneration at the structural or functional
level by abrogating ROS.

6. Conclusions and Future Prospectus

The valuable features of nanoparticles and/or nanomaterials offer innovative di-
agnostic tools in addition to their therapeutic potential. In the past decade, numerous
antioxidant-conjugated NPs and oxidative stress-responsive NPs have been developed
as nanotheranostics. They have also been improved continuously with no side effects
and high efficacy as well as efficiency via the addition of various reducing functional
groups. Oxidative injury and ROS-responsive drug delivery systems effectively shelter the
active drugs or medicines in the core and deliver them at the site of action. Such systems
protect drugs from quick decomposition and prolong their bioavailability in the body.
Furthermore, such antioxidant-conjugated NPs and nano-delivery systems demonstrate
the potential nanotheranostics and exhibit their therapeutic applications to treat various
oxidative damage-associated diseased conditions, such as neuroinflammation, neurode-
generation, AD, PD, and ischemia/reperfusion-induced brain damage. However, the early,
delayed, or incomplete release of effective therapeutic agents may also adversely affect
their therapeutic efficacy. Hence, further detailed preclinical (in vitro and in vivo) and clin-
ical studies of such antioxidant-conjugated NPs and nanotheranostic-based nanomedicine
are indispensable.
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