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Abstract. Neurodegenerative diseases are incurable diseases that get worse as
time passes. These diseases are very heterogeneous in nature but have common
characteristics like abnormal deposition of protein, glycation, inflammation in
particular areas of the brain, and progressive neuronal loss due to oxidative stress.
Among these, oxidative stress alone causes a high level of degeneration of neurons.
To reduce oxidative stress, natural antioxidants are used but they have some draw-
backs like instability, high cost and low reusability. To overcome this, nanozymes
are introduced and we have emphasized on major nanozymes whose antioxidant
capability has been proven which are gold nanozymes, fullerene, nanoceria, and
quantum dots. Gold nanoparticles and their conjugates with other molecules can
mimic the enzymatic activity of superoxide dismutase and catalasewhich decrease
the amount of hydrogen peroxide and superoxide radicals in cells. GoldNanozyme
treatment reduces the oxidative stress, nitrite, and sulfhydryl levels in the brain
and also rectifies the superoxide dismutase, glutathione, and catalase activity lev-
els. Fullerenols has shown superoxide dismutase activity which was 268 times
more effective than mannitol and 37 times more effective than Vitamin E for lipid
radicals. Nanoceria has the ability to mimic Superoxide Dismutase as well as cata-
lase activity, can also detoxify peroxynitrite. Quantum dots (QDs) like Graphene
Oxide QDs can scavenge the reactive oxygen species and also show indirect activ-
ity which alleviates the pathogenesis of the disease. Thus, a nanozyme can be used
as an efficient nanomedicine if it is tailored to possess high catalytic activity while
eliminating all complications.
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1 Introduction

Neurodegenerative diseases are incurable diseases that get worse as time passes. These
diseases cause memory and cognitive impairments and also degrade a person’s capa-
bility of movement, speech, and breathing [1]. Some of the neurodegenerative diseases
include Huntington’s disease, Parkinson’s disease,Motor neuron diseases, spinocerebel-
lar ataxia (SCA), Alzheimer’s disease, Spinal muscular atrophy (SMA), Prion disease,
and Amyotrophic lateral sclerosis (ALS). These are very heterogeneous in nature and
the underlying cause for a disease is usually unknown, nevertheless, genetic factors are
one of the main reasons, for instance, mutations in APP, PSEN1, and PSEN2 genes are
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responsible for the occurrence of Alzheimer’s disease, mutations in SNCA, PARKIN,
LRRK2, DJ-1, PLA2G6, FBXO7, ATP13A2, PINK1 genes leads to Parkinson’s dis-
ease[2]. Other common reasons include vascular factors like hypertension, diabetes and
high blood pressure [3]. At the molecular level as shown in Fig. 1, all neurodegen-
erative diseases share the common characteristics of abnormal deposition of protein,
mitochondrial dysfunction, inflammation in particular areas of the brain, and progres-
sive neuronal loss due to oxidative stress [4, 5]. A person’s lifestyle, habits, and diets like
heavy sugar diet, smoking, drinking liquor, addiction to psychoactive drugs also lead to
neurodegenerative diseases [6, 7].

Our brain consists of many differentiated neurons that occupy different regions and
require nearly 20% of the basal metabolic rate to function properly [8]. Every region of
the brain has a different capacity to endure oxidative stress also known as Specific neuron
vulnerability [9]. The differential capacity to endure oxidative stress plays a key role in
causing and amplifying the neurodegenerative disorder. Oxidative Stress is caused by
an imbalance generated between the production and detoxification of Reactive Oxygen
Species (ROS) like hydrogen peroxide, superoxide radicals, hydroxyl radicals, singlet
oxygen. In cells, these ROS are produced by partial reduction of oxygen, and mitochon-
dria are the primary site of ROS production. Growth factor receptor activation can also
result in the production of ROS by causing NADPH oxidase to become active, which
then oxidises NADPH to produce superoxide. ROS produced by NADPH oxidase play
a very crucial role in cell signaling as second messengers, mediating hormonal effects,
controlling ion channel function, adipocyte differentiation, reproduction, oxygen sens-
ing, gene expression and cell growth [10]. But, increase in ROS concentrations leads
to oxidative modification-induced dysfunctioning of proteins, lipids, and nucleic acids
resulting in adverse conditions like ischemia [9] and the onset of other unfavourable
conditions in the brain. The brain, which has high oxygen consumption, rich in lipid
content, and has high energy demand, is a vulnerable target for oxidative stress [11].
The increased oxidative stress in brain cells can be controlled by natural antioxidant
enzymes like superoxide dismutase, catalase, and non-enzymatic compounds like glu-
tathione, vitamin A, B and C, and selenium. However, the amount of ROS generated in
a neurodegenerative disorder is too high to be mitigated by the natural antioxidant sys-
tem of brain cells [12]. Thus, enzyme mimetic nanostructures or nanozymes are being
explored as ROS scavengers to be used in therapeutics.

Nanozyme is an important modern tool in discovering solutions to many health
problems in diagnostics [13], prognostic [14], and therapeutics [15]. These are the nano-
materials that mimic the enzymatic activity of natural enzymes. Due to their high sta-
bility, tunable size, and shape, the broad working range of pH and temperature, low
cost, and economic mass production they are preferred over natural enzymes. Most of
the nanozymes explored to date mimic the antioxidant property of natural enzymes like
superoxide dismutase and catalase. Various nanozymes like Fullerene (& its deriva-
tive), nanoceria, gold nanozyme, and quantum dots can be used to alleviate oxidation
stress in cells. The antioxidant mimetic activity of nanozymes has been shown to reduce
mitochondrial dysfunction [16] and facilitate the clearance of misfolded proteins [17].
Nanozymes not only show ROS scavenging activity but also indirectly restore antiox-
idant activity [18]. Considering the significance of antioxidant nanozymes, this review
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Fig. 1. Common characteristics in neurodegenerative diseases

presents some neurodegenerative diseases where oxidative stress plays a significant
role in their occurrence or progression. It further discusses the trends towards explor-
ing nanozymes as a therapeutic alternative to combat the increased oxidative stress for
alleviating or reducing the pathogenesis of the disease.

2 Neurodegenerative Diseases

2.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is most common in elderly people and nearly 5.8 million
Americans above the age of 65 are suffering from this disease [19]. It is an irreversible,
incurable neurodegenerative disorder that slowly causes loss of memory [20], impeded
speech and language [21], mental confusion, and hallucinations [22]. The most accepted
hypothesis explains that the pathological aggregation of Amyloid-beta (Aβ) protein con-
tributes towards the induction of AD. The Aβ assembles itself into neurotoxic fibrils
which get deposited in the hippocampus and other regions of the brain in the form of
plaques [23]. In its initial stage, the person only suffers minor memory lapses but as the
condition worsens, it slowly impairs cognitive and behavioural abilities such as under-
standing, attention, language, thinking, and judgement [24]. The Aβ protein mediates
its neurodegenerative effects through oxidative stress. Increasing ROS levels causes the
oxidation of some enzymes like creatine kinase and glutamine synthetase which are
important for neuron and glial functions [25]. This results in enhancement of excito-
toxicity and reduction in energy metabolism. As the damage increases, neuronal lesions
are formed which further generates superoxide radicals that in turn initiate microglial
activation. The slow rate of regeneration of brain and its poor antioxidant status fur-
ther increases the oxidative stress, thus, aggravating the neurodegeneration process [26].
FDA has approved only four drugs which are galantamine, memantine, donepezil, and
rivastigmine for AD’s treatment [27]. All these drugs attack the CNS cholinergic path-
way or glutaminergic pathway providing symptomatic relief only [23, 28]. There are
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also drugs like Suvorexant thats treats the non-cognitive complications associated with
AD like insomnia [29]. Recently, Aducanumab, a monoclonal antibody also approved
by FDA can reduce the Aβ plaques, thus, supposed to reduce the pathogenesis of AD
[30].

2.2 Parkinson’s Disease

Parkinson’s disease (PD) is the second most common disease in elderly people after
Alzheimer’s disease, with nearly one million Americans suffering from it which is more
than the combined strength of people suffering from Lou Gehrig’s disease, muscular
dystrophy, and multiple sclerosis [31]. Its patients show clinical features like resting
tremor, rigidity, postural instability, and bradykinesia. Histological diagnosis is con-
firmed by the presence of Lewy bodies which contain aggregated α-synuclein [32]. PD’s
brain unique morphological feature is the disappearance of the darkly stained area in
the substantia nigra compacta (SNpc) and locus querulous owing to degeneration of
noradrenergic neuron in locus querulous and dopaminergic neuro-melanin containing
neuron in SNpc resulting in decreased levels of dopamine [33]. In more severe cases
Lewy bodies can be found in cortex regions like the neocortex, prefrontal cortex, pri-
mary motor, and sensory areas which can be clinically observed through features such
as dementia and gait problems [34, 35]. Oxidative stress is found to play a crucial role in
the progression of degeneration of neurons. A substantial amount of experimental data
suggests that dopamine metabolism, high level of iron and calcium in SNpc, low Glu-
tathione level contribute to ROS production which results in dopaminergic neuron loss
and further lipid peroxidation and production of other toxic products [36]. Dopamine
which is usually released from the dopaminergic neurons is itself very unstable in nature
as it can oxidize itself to form free radicals and dopamine quinones. The metabolism of
dopamine contributes to enhanced oxidative stress, neural degeneration by aging, and
Parkinson’s disease.MAO-B and notMAO-A in glial cells become the dominant enzyme
to metabolize dopamine and form hydrogen peroxide as a by-product which adds to the
oxidative stress. H2O2 also reacts with Fe2+ of neighbouring dopaminergic neurons to
form hydroxyl radical which results in oxidative stress and further neuronal loss [37].
Increasing calcium influx in mitochondria, too, generates ROS as its ATP demands can
only bemet bymoremitochondrial activity, thusmore ROS generation [38]. There are no
medications that cure this disease but there are some drugs in the market like Levodopa
which can alleviate the PD symptoms by converting itself into dopamine after crossing
the Blood-Brain Barrier (BBB) thusmaintaining the dopamine level, but still, it has some
side effects which can be prevented by giving it in combination with L-amino acid decar-
boxylase inhibitors such as carbidopa and benserazide [39]. Some others medications in
use are dopamine agonists like Pramipexole, Ropinirole, Apomorphine, and Rotigotine,
MAO-B inhibitors (monoamine oxidase- B inhibitors) like Selegiline, Rasagiline, and
Safinamide [40]. But still, all these medications have severe side effects which make
them less suitable as a reliable medication. Thus, we need medications that can relieve
the symptoms as well as cure the disease.



Nanozymes for Neurodegenerative Diseases 81

2.3 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune, inflammatory mediated disorder that can be
distinguished by the lesions in the central nervous systemand showsymptomsof physical
as well as cognitive disability. Unlike aforementioned neurodegenerative diseases, MS
happens usually in the age group of 20–50 and can affect children too [41]. MS is of
four types - 1) Relapsing-Remitting MS which is distinguished by the occurrence of
acute deterioration in function followed by partial or total recovery [42, 43]. 2) Severely
deteriorated patients enter into Second ProgressiveMS stage which can be distinguished
with the features as tiredness, rigidity, weakness, intestinal disorder, urinary disorder and
psychological damage [44, 45]. 3) Primary ProgressiveMS has rapid progression but has
fewer lesions with symptoms like Stiffness, weakness, and postural instability [45]. 4)
ProgressiveRelapsingMS is least commonand shows symptoms like visionproblem, eye
pain, intestinal and urinary disorder, sexual dysfunction, dizziness, and also depression
[45]. MS works against the CNSmyelin antigens, which induce autoreactive T cells, but
pathogenesis increases when induction of Th1, Th17 type, and CD8myelin autoreactive
T cells happens [46]. The exactmechanism ofMS is still not known but infectious agents,
environmental factors, genetic factors, B-cells, microbiome, autoantigens play a role in
increasing the autoreactivity which triggers more induction of pathogenic T-cells that
attacks the myelin sheath, oligodendrocytes, and neurons [46]. Nevertheless, the role of
oxidative stress in disease pathogenesis is certain as most of the inflammatory processes
which cause tissue injury are ROS mediated. The formation of lesions which activate
microglia and macrophages, also produce a large quantity of ROS such as hydrogen
peroxide, superoxide radical, hydroxyl radicals, and nitric oxide [47]. Further, it is known
that activated immaturemyeloid cells also produce ROS and nitric oxide [48]. In autopsy
studies also, lesions in the cerebral cortex and white matter, neurodegeneration, and
demyelination were found which were linked to the presence of oxidized lipids in the
myelin membrane; nuclei of dystrophic glia cells contained oxidized DNA [49]. For the
medication, patients with this disease are generally givenmedicines which suppress their
immune system, thus helping in alleviating the symptoms and also slowing the disease
progression. But no potent medication is yet available.

3 Nanozymes-Tunable Properties

The physicochemical properties of nanoparticles (NPs) can influence their behaviour
(crossing barriers, circulation time, toxicity, etc.) as well as manipulate their catalytic
efficiency in in vivo systems. A nanozyme can be used as an efficient nanomedicine if it
is tailored to possess high catalytic activity while crossing all hurdles. Various properties
of nanozymes can affect their interaction and behaviours inside the living system such
as their size, concentration, hydrodynamic diameter, zeta potential and conjugation with
other particles. Modulation of their physiochemical properties can accelerate their cat-
alytic efficiency at optimumpH and temperature [50, 51]. For example, if we increase the
size of nanozyme its catalytic activity would also increase but up to a certain threshold
level [52]. Large size NPs possess a low surface to volume ratio thereby reducing the
exposed catalytic sites [53] and are more likely to be phagocytosed by macrophages.
Morphology of NPs also affects the catalytic activity of nanozyme, as with changed
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morphology, a number of facets, and the bond arrangements changes which affect the
selectivity of the nanozyme [5]. Nanozyme concentration becomes critical in defin-
ing their toxicity and efficacy as very low concentration leads to inefficacy and high
concentration leads to toxicity [54]. Circulation time of NPs can be increased in the
bloodstream by manipulating zeta potential through a change in pH and electrolyte con-
centration, which ultimately affects their electrostatic interaction with other proteins and
cells [55]. Finally, surfacemodification of nanoparticleswith polymers and biomolecules
can influence the permeability, toxicity, biodistribution and activity of nanozymes. For
instance, peptide CLPFFD conjugated gold nanoparticles possess the ability to destroy
β amyloid but are unable to cross BBB, which can be achieved by conjugation with
other peptide sequence THRPPMWSPVWP, as this peptide interacts with the transfer-
rin receptor of endothelial cells in BBB and allow the conjugated nanoparticles to cross
the BBB [56]. Nanoparticles conjugated with small lectins such as odorranalectin are
less immunogenic on intranasal administration [57]. A gold nanoparticle conjugated
with ATP (adenosine triphosphate) has comparable activity as natural enzymes and has
long-term stability [58]. Thus, Nanozymes can be made versatile with appropriate reg-
ulation of their physicochemical properties and can be tuned according to specific need
or application.

4 Nanozymes as Therapy for Neurodegenerative Diseases

4.1 Gold Nanozymes

Gold nanoparticle’s (AuNPs) ability as nanocarrier has been well studied [59–61]. Their
dynamic property of tuning in different sizes and shapes (such as spheres, cubes, rods,
cages, stars, polygons, and others), low toxicity, biocompatibility [62] makes them a
suitable choice for acting as a nanocarrier across BBB. Gold nanoparticles and their
conjugates with other molecules can mimic the enzymatic activity of superoxide dismu-
tase, oxidase, glucose oxidase, peroxidase, and catalase [58, 62]. Gold nanozymes also
have a similar mechanism to that of natural enzymes in showing superoxide dismutase
activity, which is the elimination of superoxide ions by converting to hydrogen peroxide
and oxygen [58]. For catalase mimic activity, first, the Au2+ is reduced by the hydrogen
peroxide to Au+, resulting in proton and oxygen production. Then another hydrogen
peroxide combines with oxygen vacancies which oxidize Au+ to Au2+ and give H2O,
completing a clearance cycle of hydrogen peroxide [62]. Generally, in Alzheimer’s
disease, the deterioration happens in neurons of the hippocampal region, entorhinal cor-
tex, frontal cortex, and amygdala [63]. A group of researchers have shown that Gold
Nanozymes can alleviate the oxidative stress and have an anti-inflammatory effect in the
cortex and hippocampus region of the brain and also reduce mitochondrial dysfunction
which is one of the root causes of neurodegenerative diseases [16]. For the AD model,
male Wistar rats were injected with okadaic acids (100 μg) intracerebroventricularly
followed by treatment with 20 nm AuNP (dose: 2.5 mg/kg) at every 48 h for 21 days.
It was found out that rats treated with only okadaic acid had increased Tau phosphory-
lation in the hippocampus and the cortex but AuNP treatment maintained the levels at
normal. AuNP treatment also reduced the oxidative stress, nitrite, and sulfhydryl levels
in the brain which was increased due to okadaic acid, and also rectified the superoxide
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dismutase, glutathione, and catalase activity levels [16, 64]. In another study, AuNPs
stabilized with glutathione were found to easily cross BBB and inhibit the aggregation
of Aβ42 fibrils without any toxicity [65]. In Multiple sclerosis (MS), Oligodendrocyte
Progenitor Cells (OPCs) are thought to be not able to remyelinate due to cellular stress
produced, which also leads to the failure of bioenergetics reactions [66]. But CNM
(Clene Nanomedicine) Au-8 which is a multifaceted and highly pure gold nanocrystal
can alleviate MS by inducing remyelination as well as OPC differentiation by using a
nano catalytic mechanism that involves NAD+ and NADH [67, 68]. Thus, gold nanopar-
ticles are very reliable in use and its multipurpose characteristics make them a unique
material, whose more applications can be explored in the future.

4.2 Fullerene

Fullerene, a polyhedral carbon cage is arranged in five- and six-membered rings. It has
a very impressive cage-like structure with delocalized and pi molecular orbital electrons
[69]. It acts as a ROS scavenger by reducing the potential difference between mito-
chondrial membranes by absorbing excess protons and thereby reduces the superoxide
ion production in mitochondria [70]. However, fullerene is water insoluble [71, 72] and
need surface functionalization with –COOH (carboxyl) and –OH (hydroxyl) groups or
encapsulation in biocompatible liposomes for making it water soluble [73]. These water
soluble C60 derivatives have excellent antioxidant properties which are even better than
the natural antioxidant enzymes [73]. With the ROS scavenging activity, it can also
induce the production of antioxidants in the brain. It has shown its ability in alleviating
the pathogenesis of AD, PD, and ALS. In AD, it binds to the core of Aβ fibrils (LVFF)
which is essential for the Aβ fibril formation and destabilizes the core by preventing
fibril formation [74]. As shown in Table 1, C60(OH)24, a fullerene derivative has shown
radical scavenging activity which was equivalent to SOD for scavenging superoxide
radicals, 268 times more effective than mannitol for scavenging hydroxyl radicals and
37 times more effective than Vitamin E for scavenging lipid radicals respectively [75].
One of the derivative tris malonic acids (C3) can functionally replace the Manganese
superoxide dismutase (MnSOD), effectively acting as a SOD mimic [73] and shows
inhibiting action on lipid peroxidation [76]. Fullerenols can absorb as well as deacti-
vate the ROS. It also has anti-viral [77], anti-apoptotic [78, 79] activity and helps in
enhancement of learning and memory [80]. Fullerene can also penetrate BBB, localize
itself into the mitochondrial membrane and accumulate in the lipid bilayer [70, 75]. In
PD, Fullerenols contributed to normalization of dopamine synthesis and regulation. It
also reduced insoluble alpha-synuclein levels in Drosophila melanogaster and showed
anti-aggregation characteristics with respect to alpha synuclein proteins [76]. Fullerene
derivative C60-OH is very useful in alleviating prion diseases by effectively modulating
the microglial activation which happens due to PrP (106–126) and inhibits immoder-
ate production of inflammatory mediators, like TNF-α, IL-1, IL-6, prostaglandin E2,
NO, inhibit the expression of COX-2 and inducible NO synthase [81]. It also decreases
ROS species and inflammation by increasing the expression of the antioxidant enzymes
through Nrf2 expression [81]. So, fullerene shows many effects in many domains and
this can be accredited to its cage-like shape, making it a favourable choice for many
medical applications.
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Table 1. Comparison of the 50% Radical Signal Inhibiting Concentration (IC50) of C60(OH)24
With Specific Free Radical Scavengers [75].

Compound Superoxide radicals
(IC50, mM)

Hydroxyl radicals
(IC50, mM)

Lipid radicals
(IC50, mM)

C60(OH)24 0.036 0.135 0.495

SOD 0.031 - -

Mannitol - 36.3 -

Vit E - - 18.4

4.3 Nanoceria

It is a unique earth metal that changes its state between 3+ and 4+ which creates oxygen
vacancies causing defects in its crystalline lattice’s surface, which contributes to its
much-enhanced antioxidant properties. It has the ability to mimic the catalytic activity
of superoxide dismutase, catalase [82, 83] and can detoxify peroxynitrite also [84]. The
mechanism of the superoxide dismutase activity of nanoceria is explained in Fig. 2 in
which the initial state is ➃, where the superoxide ion combines and form ➄, then an
electron transferred from one Ce3+ to an oxygen atom to form an electronegative oxygen
atom. Subsequently, two electronegative oxygen atoms combine with the two protons
to produce hydrogen peroxide and form ➅. The remaining vacant sites bind with other
superoxide ions to form ➆. Another molecule of hydrogen peroxide is produced when
Ce3+ changes to Ce4+ that is➀. Oxygen vacant surface of➀ binds to Ce4+ with hydrogen
peroxide to form intermediate ➁, which is not stable in nature, and releases two protons
changing two Ce4+ to two Ce3+➂. Now,➂ is converted to➃ and oxygen is released. This
mechanism depicts the significance of Ce3+/Ce4+ ratio for catalytic activity of nanoceria
[84].

Some studies also supported the role of different nanoceria formulations in promot-
ing angiogenesis, tissue regeneration, prolonged cell survival, and preventing apoptosis
in biological models [85–87]. The underlying reason are the reactions occurring on
the surface of nanoceria, which in turn depends on the surface properties like crystal
structure, shapes, size, Ce3+/Ce4+ ratio, oxygen vacancies, surface charge, zeta poten-
tial, and surface stabilizing agent [88, 89]. For example, citrate stabilized small sized
CeNP (5 nm) are deposited more in the liver and spleen as compared to large CeNP
particles (55 nm) [90] which are more likely to be phagocytized than smaller ones [91].
Smaller size nanoparticles (3–5 nm) also easily cross the Blood-Brain Barrier as these
are detected in the highest level in brain tissue [92]. 3–5 nm size citrate-EDTA stabilized
CeNP have been studied in models of neurodegenerative diseases [93–95]. In neurons,
they mostly accumulate in the outer membrane of mitochondria and on the inner side
of the plasma membrane [96]. Nanoceria was found to be biocompatible when adminis-
tered in mice with a ROS mediated model of multiple sclerosis [94]. In a yeast model of
Parkinson’s disease, with themost effective dose of 50 ng/μL,CeO2 NP strongly reduced
ROS production as well as the formation of cytoplasmic inclusions of alpha synuclein
and prevented mitochondrial malfunction [97]. In AD also, CeO2 NP minimized the
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Fig. 2. Proposed mechanism of CeO2 nanoparticles as superoxide dismutase catalytic ability
[84].

fragmentation of mitochondria, peroxynitrate mediated tyrosine nitration and neuronal
death caused due to Aβ [96]. There are several antioxidants like ascorbate, glutathione,
α-tocopherol and tetrahydrocurcumin which showed some effect in alleviation of AD
models but were proven moderately effective in human trials [98–100]. The possible
reason is their poor stability, lack of recycling properties, and translational effectiveness
which could possibly be addressed by nanoceria.

4.4 Quantum Dots

Quantum dots (QDs) are very small semiconducting nanoparticles having tunable size
with Gaussian emission spectra that would easily be excited by a single wavelength
[101]. Surface modification of quantum dots can influence its behaviour heavily [102],
thus this property is used to customize QDs according to the needs, like polyethylene
glycol-coated QDs [102], folate-conjugated QDs [103], amphiphilic polymer encapsu-
lated QDs [101], Streptivadin coated [104], etc., and also their materials can be of the
different type according to the requirement like Cadmium Selenide [105], Graphene
oxide [106], Indium Arsenide [107], Lead Sulfide [108], etc. Graphene Oxide QDs with
its sp2 structure can scavenge the ROS through electron transfer or adduct formation
[109]. It also acts by forming iron complexes which inhibit the fenton reaction (Fe2+ +
H2O2 →OH+OH− + Fe3+) thus preventing hydroxyl radical formation (Fig. 3). With
ROS scavenging activity quantum dots also show indirect activity which alleviates the
pathogenesis of the disease. For instance, graphene QDs could prevent α-synucleinpathy
in Parkinson’s disease as it directly interacted with and caused dis-aggregation of mature
fibrils and shortened them from 1μm to 235 nm [110]. It prevented dissemination of
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Fig. 3. Antioxidant mechanisms of Graphene based Materials (OH adduct formation on sp2-
carbon sites, hydrogen donation, iron binding, and electron transfer).

α-synuclein to neighbouring neurons and reduced p-α-synuclein immunoreactivity, pre-
formed fibrils (PFF) induced cell toxicity, neuronal death, Lewy Body formation, synap-
tic loss, mitochondrial dysfunction and can also cross blood-brain barrier [110]. It was
found that Graphene QDs showed a reduction of β sheet parts of alpha synuclein in 50 ns
of the outer monomer [110]. Graphene oxide QDs also displayed catalase, superoxide
dismutase activity as well as regulated apoptosis pathway by MAPK, p53, NOD- like
receptor signalling pathway [111]. TPP-MoS2 (triphenylphosphine-molybdenum disul-
phide) QD showed that conjugation and functionalization onQDs can enhance its overall
ability. For instance, microglia is important against response to the Aβ fibrils aggrega-
tion in AD, and they are of two types: M1 phenotype and M2 phenotype. Former is
proinflammatory which is activated by the ROS, inflammatory factors, and Aβ fibrils
and the latter is anti-inflammatory that help in the removal of Aβ through phagocytosis
[112–114]. TPP-MoS2 QD is designed in such a way that it targeted the microglia’s
mitochondria and also transformed the M1 phenotypic character into M2 phenotypic
character by reducing the expression of CD16/32 and overexpression of CD206 [115].
It showed all the qualities for being an important nanomedicine such as it could escape
from lysosomes, prevent mitophagy, mitochondria dysfunction, down regulating inflam-
matory and apoptotic signalling cytokines, crossing Blood-brain barrier and scavenge
ROS [115]. Thus, QDs are novel Nanozymes that can be efficiently used for detection
as well as therapeutic purpose.
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Fig. 4. All the four major nanozymes which are gold nanozymes, fullerene, nanoceria and
quantum dots can pass through BBB

5 Conclusion

ROS mediated oxidative stress plays a very significant role in pathogenesis of neurode-
generative diseases directly or indirectly. A rise in their concentrations lead to oxidative
modification-induced dysfunctioning of proteins, lipids, and nucleic acids resulting in
adverse conditions like ischemia and the onset of other unfavourable conditions in the
brain. In this review, we have discussed how oxidative stress accelerates the pathogenesis
of neurodegenerative diseases. The role of some nanozymes such as gold nanozymes,
fullerene, nanoceria and quantum dots in decreasing the oxidative stress caused by ROS
in brain is also discussed. Their ability to mimic superoxide dismutase and catalase has
also been elucidated. Any medication that is given to act on brain it has to pass through
BBB, and all the four major nanozymes pass through the BBB (Fig. 4). Nanozymes
can be a very efficient replacement of natural enzymes. They have shown to have better
enzymatic activity than natural enzymes in some instances. Still, natural enzymes have a
better specificity than nanozymes and there is also a concern of biosafety of nanozymes.
Their toxicity and biodistribution is yet needed to understand carefully, as well as, a
need for a deeper understanding of nanozyme’s mechanism of how they work. So, in
future, if we can regulate the toxicity, biodistribution, concentration and metabolism of
nanozymes, they can act as a nanomedicine for the neurodegenerative diseases. A pos-
sible future use of nanozymes can also be seen as a supplement because pathogenesis of
neurodegenerative diseases starts early but it is diagnosed very late, and oxidative stress
not only play a significant role in neurodegenerative diseases but in other diseases also.
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