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Abstract

Neurodegenerative disease (ND) is an
irreversible disease among the aged people in
worldwide. ND is characterized by a progressive
loss of neuron structure and function in the
brain due to the formation of extracellular and
intracellular misfolded or abnormal protein
aggregates (pB-amyloid, tau and (a-synuclein)).
Numerous therapy strategies have been
developed by many researchers to address this
issue. However, the majority of the methods
had only modest success in clinical studies.
Transporting therapeutic molecules or drugs
across the Blood- Brain Barrier (BBB) is a
substantial problem for neurodegenerative
disease diagnosis, targeting, and treatment.
As a result, preparation of multifunctional
material for simultaneously detecting and
treating neurodegenerative diseases are high
demand in the biomedical field. Carbon dots
(CDs) have recently attracted interest for the
diagnosis and treatment of neurodegenerative
diseases due to easily crossing the blood-
brain barrier, biocompatible, biodegradable,
enhanced physico-chemical properties, provide

tunable surface functionalization and optical

properties, higher photostability, smaller size,

non-invasiveness, facilitate targeted drug
delivery and higher therapeutic efficacy. In this
review work, we discussed the current progress
of carbon dots in penetrating the blood brain
barrier and their application in Alzheimer’s
and Parkinson’s disease. Finally, the limitations
and future prospects of carbon dots for
neurodegenerative diseases are thoroughly

examined.
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Introduction
Neurodegenerative  diseases (ND) have
been receiving significant research

interest in biomedical field because of its
continuously growing incidence in aging
populations [1-3]. The major reason for the
formation of neurodegenerative diseases is
accumulation of misfolded Prion like peptide/
proteins aggregation leads to an enhanced
production of reactive oxygen species (ROS),
neuroinflammation, gene mutation and cell
death in central nervous system (CNS) [4-6].
Based on different protein aggregation and
disease pathogenesis, ND has been classified
into several types such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Prion disease
(PrD), Amyotrophic lateral sclerosis (ALS) and
Huntington’s disease (HD) etc [8]. Among them,
Alzheimer’s and Parkinson’s diseases are the
two most common neurodegenerative diseases
which are characterized by degeneration of
neurons in the hippocampus and substantia
nigra respectively [9-10]. AD is distinguished
by unusual accumulation of amyloid - plaque
(AP42) and neurofibrillary tau tangles, which
cause brain damage and impair in language,
memory, problem solving and other cognitive
processes [11-13]. PD is differentiated by
the aggregation of misfolded a-synuclein
(a-syn) protein along with Lewy bodies (LB)
in dopaminergic neurons, resulting in severe
motor dysfunction such as slow movements,
tremor, gait and balance disturbances etc [14-
16]. These two neurodegenerative diseases
share many clinical and pathological features
due to formation of toxic amyloid -B plaque
(AP42) and neurofibrillary tau tangles, and
a-synuclein (a-syn) protein [17]. The exact
pathogenic mechanisms for formation of
toxic protein aggregates are still scanty due to
multifactorial pathogenesis. However, some
known connections indicating their role in
dysregulation of cell signaling, oxidative stress,
inflammation, apoptosis and other cellular
abnormalities [18-20].
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Based on the shared pathological features among
these diseases, several therapeutic molecules or
drugs (naturally derived plant products, proteins,
peptides, siRNAs, and synthetic chemicals)
have been developed by many researchers for
the treatment of neurodegenerative diseases
[21-29]. These therapeutic molecules or drugs
were interacted with protein aggregated through
electrostatic, hydrogen bonding (H-bonding),
n-n stacking and hydrophobic interactions [30-
33]. Most of the therapeutic molecules or drugs
could not successful in clinical trials due to their
inability to cross the blood-brain barrier (BBB),
unfavorable biocompatibility and peripheral
side effects etc [34]. The BBB is a well-ordered
boundary between the central nervous system
(CNS) and peripheral circulation that prevents
most substances entering from blood to brain
through circulatory system [35]. Therefore,
developing an  appropriate  therapeutic
molecules or drugs that can cross the BBB, as
well as understanding their mode of transport
is essential for the successful treatment of
neurodegenerative disease.

In the past few years, delivering therapeutic
molecule or drugs to central nervous systems
with the aid of nanomaterial is attractive
attention in neurodegenerative disease [36].
Because of their multifunctional properties
such as smaller size (1-100 nm) with large
surface area, easily crossing the blood-brain
barrier, tunable surface functionalization and
optical properties, higher photostability, simple
synthetic methods, biocompatible, readily bind
and disaggregate fibrils, targeted drug delivery
and also simultaneously use as imaging probe
and therapeutic material [37-39]. In this avenue,
several nanoparticles such as metal/metal oxide,
protein, polymeric and carbonaceous (Graphene
oxide, Graphene, Carbon nanotube) have been
used for treatment of various neurodegenerative
diseases [39-45]. However, major challenges
associated with most of nanoparticle are lower
biodegradability, biocompatibility leads to
accumulate in the brain and turn into toxic
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substances, thus resulting in complications [40-
46].

Hence, preparation of  multifunctional
nanomaterial with complete biodegradable
nature is highly essential for successful treatment
of neurodegenerative disease. Recently, Carbon
dots (CDs) have been widely used in various
biomedical applications (tissue engineering,
drug delivery, bio-imaging, photothermal and
photodynamic therapy) due to their unique
optical properties, an enhanced biocompatibility
and biodegradability [47-48]. The CDs also
provided promising contribution in diagnosis,
treatment and management of Alzheimer’s and
Parkinson’s diseases (Figure 1). To the best
of our knowledge, systematic review works
on application of multifunctional carbon dots
for simultaneously diagnosis and therapeutic
treatment of neurodegenerative disease has not
been reported so far. In this review, we discuss
the recent advances of CDs in treatment of
Alzheimer’s and Parkinson’s disease. Finally,

limitation and future perspective of CDs for

neurodegenerative  diseases are discussed
detailly.
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Figure 1) Penetration of Carbon dots to BBB and destroy
the amyloid plaques. After that the small amyloid plaques
enter the blood stream via particular protein channels in
the brain.

Neurodegenerative Disease

Neurodegenerative disease is the progressive
disease among the aged people. This diseased
is associated with deterioration of neuron
structure and function leads to neuronal death in
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different regions of the brain. Based on the type
of misfolded protein such as amyloid-f, tau and
a-synuclein, this disease has been categorized
into Alzheimer’s disease, Parkinson’s disease,
Prion disease, Amyotrophic lateral sclerosis and
Huntington’s disease etc. Among the various
neurodegenerative diseases, AD and PD are
most commonly found in aged people [49].
The key symptoms and different molecular
mechanism of AD and PD are detailly discussed
in the following sections.

Alzheimer’s disease

Alzheimer’s disease is one of most common
neurodegenerative diseases that create the
memory and learning dysfunction [50]. Even
though, several research works carried out on
this disease, the etiology and pathogenesis of
the disease still unclear [50-52]. Currently, more
than 50 million people are affected by Alzheimer
disease in worldwide [53]. This disease is
anticipated to become a major health issue
with numerous socio-economic implications
in future. Many research studies indicate that
Alzheimer’s disease (AD) is characterized
by the coexistence of two hallmark pathways
that lead to the functional loss of synapses and
neurons: the accumulation and disposition of
insoluble A plaques and neurofibrillary tangles
generated by the hyper-phosphorylation of tau
proteins (P-tau), in addition to oxidative stress,
cholinergic dysfunction, and inflammation [54].

The AP is formed from the amyloid- precursor
protein (APP, also known as amyloid B A4
protein), which is broken by B-secretase and
y-secretase. A monomer aggregates to form
oligomers of varying molecular weight, which
then aggregate to form fibrils of AP that further
aggregate to form plaques in the brains of
Alzheimer’s disease patients [55]. Currently,
nanoparticle-based approaches to treating
Alzheimer’s disease have mostly focused on
interfering with AP aggregation or sequestering
peptides in disaggregated form leads to preserve
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the brain in normal condition. The nanoparticle-
based approaches offer neuroprotection against
oxidative stress and anti-amyloid therapeutics
as well drug delivery beyond the BBB [56-58].
The following section describes the recently
developed nanomaterials for treatment of AD
disease.

Parkinson’s disease

Parkinson disease 1is the second most
neurodegenerative disease in central nervous
system [59]. Currently, more than 10 million
people are affected by the Parkinson disease
mostly above age of 65 [60]. This disease shows
various symptoms such as slow movement,
tremor in hands and other joints, stiffness of
limbs, difficulty in balance and coordination
of various body parts and movements [61].
Several studies indicated that major pathological
hallmark of PD is formation of misfolded
a-Synuclein (0-Syn) protein aggregation,
which is the primary constituent of Lewy’s
bodies [62-64]. This protein aggregation
continuously destroys the significant neurons in
the substantia nigra region resulting in death of
neurons. These neuronal death decreases in the
production of dopamine in brain [65]. Dopamine
is the important chemical and widely used for
instructing brain to carry out and control various
task and motions. A reduction of dopamine
level in brain leads to affect the movements
and other physiological processes [66]. Mostly
two strategies have been used to treat the
Parkinson disease such as targeting a-synuclein
accumulation and adding growth factors and
other agents (including synthetic dopamine)
[67-68]. Unfortunately, these treatments are
only effective for modifying the symptoms
of Parkinson’s disease and not the underlying
cause. Recently, the use of nanomaterials opens
up exciting new possibilities for future therapies
due to their unique physico-chemical properties
and biocompatibility [69-70]. The following
section describes the recently developed
nanomaterials for treatment of PD disease.
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Carbon Dots Synthesis and Optical
Properties

Carbon dots (CDs) are new type of fluorescent
carbon nanomaterials with diameter around
1-10 nm. Generally, CD contains carbon based
sp*/sp’® skeleton structure with higher oxygen
containing groups on the surface [71]. In 2004,
carbon dots were unintentionally found by Xu
et al during the electrophoretic purification
of single-walled carbon nanotubes [72]. The
carbon dots are classified into several types
based internal chemical structure and functional
groups present on the surface such as Graphene
quantum dots (GQDs), Carbon polymer dots
(CPDs) and Carbon quantum dots (CQDs) [73].
The carbon dots were synthesized from various
natural and synthetic carbon sources through
using top-down and bottom-up methods (Figure
2) [74-75]. In top-down methods, large size of
precursor materials is converted into the smaller
size of nanomateirals.
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Figure 2) Synthesis of different types of carbon dots
(graphene quantum dots (GQDs), carbon quantum
dots (CQDs), carbon polymer dots (CPDs)) and their
optical properties. Reproduced with permission [74-75].
Copyright 2017 and 2014, The Royal Society of Chemistry.

Researchers have been reported that various
top-down methods have been involved in
preparation of CDs such as Arc discharge
deposition, Laser ablation, electrochemical
synthesis, Ultrasonication [76-77]. In bottom-
up methods involve building up of smaller
molecule into nanometer size. Several bottom
methods have been employed for preparation
carbon  dots

including  hydrothermal,
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microwave, solvothermal, reverse micelles
and pyrolysis methods [78-79]. Each synthetic
method has both advantages and disadvantages
in enhancing the quantum yields of carbon dots.
For examples, carbon dots prepared from top-
down approach provides higher quantum yield,
better surface property but it’s required higher
time, expensive chemical and instruments.
Particularly, fabrication of large quantity of
fluorescent carbon dots from greener route
has been showing facile and eco-friendly
approaches. In these methods, various plant
materials, biological species, biomolecules have
been used as starting materials for preparation
of carbon dot.

For example, Achyut et al have prepared carbon
quantum dots from natural source tea powder
through thermal treatment process (200°C for
8 h) [80]. The obtained carbon quantum dots
exhibited around 2.7 nm size (zeta potential:
-229mV) with blue color photo emission (468
nm-554 nm). Similarly, Gayathri et al have
used maple tree leaves for the synthesize of
blue-emitting carbon quantum dots (size 1-10
nm) through hydrothermal method for selective
detection of Cesium [81]. In addition to this,
Prathik et al. have used hydrothermal process
(300°C for 8 hours) to prepare graphene
quantum dots (N-GQDs and F-GQDs) from
plant leaf extracts of Neem (Azadirachta indica)
and Fenugreek (7rigonella foenum-graecum)
[82]. Two synthetic graphene quantum dots had
sizes of 5 nm and 7 nm and quantum yields of
41.2% and 38.9%, respectively. Finally, this
graphene quantum dots were used for white
LEDs applications. Xi et al. used a hydrothermal
technique to prepared fluorescent carbon
quantum dots from cynobacteria for bioimaging
application [83]. The synthesized carbon dots
demonstrated higher monodispersity (size
2.48 nm), biocompatibility, photostability and
excitation dependent emission performance.
Zehui and co-worker were synthesized carbon
dots (size 2.1 nm) from egg white via one step
hydrothermal method [84]. The synthesized
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carbon shows blue color photo emission with
64% quantum yield. This carbon dots were used
for bioimaging and sensor (detection of Fe** ion)
applications. Similarly, Bovine serum albumin
(BSA) is also used as precursor for synthesis of
nitrogen doped carbon dots (NCDs) by simple,
convenient and one-step hydrothermal method.
The obtained blue emission carbon dots (size 4
nm) exhibited higher photo stability and 44% of
quantum yield [85].

Carbons dots have been widely used as bio-
imaging probe to visualize the cells/ tissue in
various biomedical applications due to their
exceptional photoluminescence property. The
smaller size of carbon dot was absorbing the
UV-light in the range 270 nm -320 nm due to the
presence of n-n* and n-n* electronic transition.
The former electronic transition corresponds to
-C=C- conjugated systems, whereas the later
one ascribed to hetero atom in the functional
groups (oxygen and nitrogen etc). These carbon
dots show excellent optical properties such
as excitation dependent emission, solid-state
fluorescence, phosphorescence, up-conversion
photoluminescence and piezo-chromic
fluorescence because of their surface functional
groups, surface defects and surface edge effects.
In addition to this, the carbon dots exhibit
fluorescence signal in the near infrared region
when introducing or doping hetero atom in the
CDs [86].

The surface defect in carbon dots offer either
radiative or nonradiative recombination centers
of excited electrons and holes, which highly
affects the photoluminescence properties of
carbon dots [87]. It has been observed that
the fluorescence peak was shifted to longer
region (red-shift) by introducing or doping
several functional groups such as epoxy,
hydroxy, nitrogen and phosphorus containing
molecules [88-89]. Carbon dots are showing
better photocatalytic behaviours because of
their electron donor and acceptor nature [90].
When CDs are exposed to light, electrons and
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holes are created and easily transported to target
molecules, causing the photoluminescence
of carbon dots to decay by electron donor
or acceptor mechanisms [91]. Subsequently,
carbon dots have been used as imaging probes
to detect various biomolecules, allowing target
analytes to be recognized at very low levels [92].
Recently, carbon dots and functionalized carbon
dots are widely used in various applications
such as optoelectronic devices, catalysis,
sensing and bio-imaging and drug delivery due
to their simple synthetic routes, smaller size
with excellent optical properties [93].

Blood-Brain Barrier Penetration of CDs

Human brain and spinal cord of the central
nervous system (CNS) are strongly protected
by a unique barrier called blood-brain barrier
(BBB). This BBB is a complex multicellular
structural barrier in the CNS that consists of a
highly semipermeable membrane of endothelial
cells, which are directly interconnected by
tight intracellular junctions. These endothelial
cells with tight junctions are allowing only O,,
CO,, water, soluble compounds in fat, nutrients
and small molecules (glucose, amino acids)
to pass while preventing pathogens and most
macromolecules from entering the CNS [94].
Transporting the suitable drug or therapeutic
molecules across the BBB is primary factor in
neurodegenerative diseases.

The mechanism for penetrate the BBB can
be classified as passive and active routes
[95-96]. Passive diffusion allows small and
lipophilic molecules to cross the BBB. Large,
hydrophilic and highly charged molecules
are usually transported through active routes
such as receptor- and adsorption-mediated
endocytosis and carrier mediated penetration
[97]. Several neurodegenerative diseases have
no proper treatment due to the blood-brain
barrier hinders the transport of drugs from blood
stream to the brain. Hence the developments of
multifunctional nanomaterials for transporting
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drugs or therapeutic molecules across the blood
brain barrier are essential for treatment of
ND. Numerous research studies indicate that
use of CDs or surface functionalized CD as
ideal nanocarriers for the treatment of several
neurodegenerative diseases because of their
higher penetrating ability via BBB for delivery
of appropriate quantity of drug at target brain
aggregates [98-100].

Seven et al have prepared carbon dots
(GluCDs) from D-glucose precursor through
hydrothermal method (Figure 3) [101]. The
prepared
covalently conjugated with fluorescein dye and
then injected into the heart and tail of zebrafish

luminescent carbon dots were

and rat models respectively. Confocal and
histopathological analysis display that carbon
dots were accumulated in the neurons of CNS
and implying that GluCDs can cross the BBB
of both vertebrate species. In addition to this,
GluCDs also carry the fluorescein dye molecules
into the CNS. It has been reported that surface
functionalization of carbon dots also facilitate
the BBB crossing ability in various animal
model [102-104]. For example, Li et al have
reported that transferrin conjugated CDs (Size:
5 nm) can easily enter into the CNS than CDs
alone [105].
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Figure 3) a) Schematic representation of Fluorescein —GluCDs
from D-glucose by hydrothermal method, b and c¢) HR-TEM and
Histogram image of GluCDs, d) Confocal image of GluCDs-
injected zebrafish, Accumulation of GluCDs-
Fluorescein in the CNS of zebrafish (Yellow color arrow mark

Fluorescein

indicate the central canal of spinal cord of zebrafish, Scale bar:
20 nm). E) Accumulation of GluCDs-Fluorescein in different parts
such as ventral horn, middle grey and dorsal horn of rat CNS and
their corresponding spinal cord cross-section camera obscura
schematic indicating the area of the image taken are displayed at
the left column. (Scale bar: 50 mm). Reproduced with permission
[101]. Copyright 2021, The Royal Society of Chemistry (RSC).
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In that, transferrin labeled with fluorescent dye
was covalently conjugated with CD and then
conjugates were intravascularly injected into the
heart of the zebrafish to study their efficiency
to penetrate the central nervous system. The
bright fluorescence signals were observed in
the CNS of zebrafish. This observation clearly
suggested that transferrin labeled fluorescent
dye conjugated CDs were highly cross the
blood-brain barrier via transferrine receptor-
mediated endocytosis. Similarly, Mintz et al
have demonstrated that tryptophan carbon
dots were easily cross the blood-brain barrier
of zebrafish via LAT1 transporter-mediated
endocytosis [106].

Yan and his coworker have observed that
glycosylated carbon dot integrated with
Epigallocatechin -3-gallate (gCDs-E) were
effectively cross the blood brain barrier in mice
model. Zhou et al have demonstrated that smaller
size of amphiphilic yellow- emissive CDs (with
or without coating) were easily crossed the
blood-brain barrier of zebrafish model through
passive diffusion [107]. In that study, stronger
fluorescence signals were observed in the central
canal of spinal cord when exciting at 405 nm
due to the uniform distribution of amphiphilic
nature CDs in central canal of spinal cord.
These results suggested that CD and surface
functionalized CDs are potential drug delivery
and a bio-imaging material leads to useful for
various central nervous diseases.

Application Carbon Dots in AD and PD

Recently carbon dots used as multifunctional
drug, drug carrier as well as imaging agent in
Alzheimer’s and Parkinson’s diseases due to
their higher penetration ability across the blood-
brain barrier, tunable surface functionalization,
unique optical property, biocompatibility, higher
drug loading capacity and release sufficient
amount of drug at targeted protein aggregates
[108-109]. Carbon dots preparation, optical
properties, blood brain barrier penetration and
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their application in Alzheimer’s and Parkinson
diseases are detailly given in (Table 1). Several
research studies have demonstrated that CDs
and surface functionalized CDs were highly
prevent the formation of protein aggregates and
also change the protein misfolding pathways
in central nervous system [110]. For instance,
Liu and his coworker have reported that GQDs
were significantly inhibit the AP, peptide
aggregation as well as reduce the toxicity
associated with A, peptide in central nervous
system [111]. This observation can be attributed
to the strong electrostatic interactions between
the GQDs and A, , peptide.

1-42

Similarly, Li et al have found that the -sheet
structure of AP peptides was converted into
the random coils or amorphous aggregates
when smaller size of CQDs (size 2-4 nm) were
introduced during the aggregation of AP fibrils
[112]. Generally, the hydrolytic decomposition
of acetylcholine (ACh) in the central nervous
system by Acetylcholinesterase (AChE) can
accelerate the assembly of amyloid peptides
into amyloid fibrils, and this process plays an
importantrole inthe development of Alzheimer’s
disease (AD) [113]. As a result, an effective
strategy in current AD treatment is to inhibit the
increase in ACh level caused by AChE. Recently,
Qian et al have developed carbon quantum dots
based fluorescent assay for quantitatively detect
and inhibit the Acetylcholinesterase (AChE)
activity by using acetylthiocholine (ATCh) and
Cu (II) ions [114].

In this method, fluorescence property of CQDs
was quenched in the presence of Cu (II) ions due
to the interaction between the carboxyl groups
of CQDs and Cu (II) ions leads to form a CQDs-
Cu(Il) aggregates. After simultaneous addition
of ATCh and AChE into the CQDs-Cu (II)
aggregated system, the ATCh was hydrolysed
into the thiocholine by the catalytic reaction of
AChE. Subsequently, the produced thiocholine
was strongly binded with Cu (II) ions from
CQDs-Cu (II) aggregates leads to recover the
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TABLE 1
Summarization of Carbon dots synthesis, characteristics and their application in Alzheimer’s

and Parkinson’s diseases

Type of Coated
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dots n37e thod genes/pep- cal and Optical
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ND molecules
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[119]
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[107]
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quenched fluorescence of CQDs (~70%) due
to the re-dispersion of CQDs. Notably, the
ATCh activity was directly correlated with
fluorescence intensity of CQDs.

It has been reported that morphology of
carbon nanomaterials also affects the protein
aggregation in neurodegenerative diseases. For
example, Ghaeidamini et al. have investigated
an influence of different morphology carbon
nanomaterial (GO sheet and GQDs) on fibril
formation of a-syncline protein (Figure 4) [115].
Both carbon nanomaterials were significantly
inhibiting formation
in concentration dependent manner by two
different mechanisms.

the a-syncline fibril

=

D

5 Tiinvengs) 2

Intensiy ()
PO RPN
ol lal bl lal
‘ | L
]
i
H
o N
TT Enlvion(a) §
n

1005152/

Figure 4) Hydrodynamic size of carbon nanomateirals
was analyzed through DLS analysis a) GO sheets b)
GQODs; Morphology of carbon nanomateirals was
characterized by using AFM analysis c¢) GO sheets
and d) GODs (All the scale bare are Imm). ii) Fibril
formation of a-Synuclein (50mM) in the presence of
a) GO sheets and b) GODs at pH 7.4 and 37 oC ( 25
mM Tris-HCI buffer with 150 mM NaCl) was observed
by ThT- fluorescence (n=3). iii) Morphology of fibrils in
the presence of different concentration of GO sheets and
CODs were analysed in the AFM analysis (scale bare
2 mm). Reproduced with permission [115]. Copyright
2020, The Royal Society of Chemistry (RSC).

The GO sheets were interacting with both
monomers and fibrils of a-syncline protein,
whereas GQDs were only interact with fibers
of a-syncline protein. Among the two-carbon
nanomaterial, GO sheets were greater binding
affinity along with completely inhibiting the
fibril formation process of a-syncline protein
than GQDs due to their higher negative charge
on surface resulting in more adsorption of
positively charge monomers and fibril through
electrostatic interactions. This observation
suggested that morphology and physiochemical
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properties of carbon nanomaterial strongly
affect the fibril formation process of a-syncline
protein. Kim et al have reported that GQDs
were effectively penetrate the BBB and
protected the neuronal death, synaptic loss in
Parkinson disease via inhibiting fibrillization
of a-synuclein and dis-aggregate the matured
fibrils [116].

The GQDs were interacted with a-Syn through
electrostatic interactions and fibrils
dissociated by hydrophobic interactions leads

was

to secondary structure was changed. In that
study they found that the secondary structure
of PB-sheet component of a-synuclein was
decreases from 53.3 + 3.5% to 29.8 + 3.4% and
increase the a-helix / random coil from 4.2 +
1.2% to 19.8 £ 1.5% and 20.1 +5.7% to 24.6 +
3.6% respectively.

Kim et al have prepared luminescent GQDs
from various country coffee beans (Ethiopia,
Mandheling and Kenya AA) through pyrolysis
and thermal oxidative cutting methods (Figure
5) [117]. The prepared ultra smaller size
of luminescent GQDs were added in a-syn
preformed fibils (a-syn PFFs) induce accelerated
a-syn fibrillation process (sporadic in vitro
model) and subsequent changes were monitored
through Alamar Blue, Immunostained neurons
assays and observed results were compared
with carbon fiber derived GQDs. The results
indicated that coffee bean-derived GQDs were
effectively inhibit the wunusual a-synuclein
fibrillation and the protect the neurons from
related subcellular damages.

Malishev et al. have synthesized ~4 nm size
of enantiomeric carbon dots (D and L -Lys-C-
dots) from D-lysine and L-lysine based carbon
precursor via hydrothermal method (Figure 6)
[118]. The prepared carbon dots were treated
with AB,, peptide for 24 h and subsequent
structural changes, fibrils morphology and
cytotoxicity were studied through CD, Cryo-
TEM microscope and cell viability assay. In CD
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spectrum, AB,, peptide in buffer shows a typical
peaks at 195 nm and 218 nm due to the structural
transformation of AP,, peptide from random
coil (t =0) to B-sheet structure (t =24 h). This
structural transformation was not altered when
ApB,, peptide was treated with D-Lys-C-dots. In
the case of L-Lys-C-dots treated AB,, peptide
sample, random coil to B -sheet transformation
of AB,, was significantly inhibited in the CD
spectrum. This observation was consistent
with Cryo-TEM analysis. As can be seen in
Figure, the high density of longer linear fibrils
were observed in D-Lys-C-dots treated AP,
peptide, whereas few short linear fibrils along
with nanoparticle were directly adsorbed on
the surface of fibril was observed in L-Lys-C-
dots treated AB,, peptide sample. Furthermore,
L-Lys-C-dots treated AP,, peptide exhibited
higher cell viability compared to D-Lys-C-dots
treated A3, peptide.

i) Alamar Blue Assay (Toxicity)
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Figure 5) The influence of coffee bean — derived GQDs on
a-syn PFFs —induced primary neuronal toxicity and a-syn
pathology. i) The mouse cortical neurons were treated with
a-syn PFFs, carbon fiber derived GODs(CF) and coffee-bean
derived GODs ( E: Ethiopia, M: Mandheling and Kenya AA,
Concentration- Smg/mL, n=6 each group). Neuronal toxicities
were analyzed through Alamar Blue Assay after treatment of 7
days. ii and iii) Representative p-a-syn immunostained neurons
at 7 days after treatment with p- a-syn antibody. The p-a-syn
immunofluorescence intensities were assessed and normalized
to the PBS control (n=6, group). Significant levels are analysed
through ANOVA software with Tukey’s multiple comparison
test and obtained results are indicated as asterisks: **p<0.01,
**n<0.001. Reproduced with permission [114]. Copy Right
(2021) Multidisciplinary Digital Publishing Institute (MDPI).

These obtained results can be attributed to
rapid adsorption of L-Lys-C-dots on A, fibril
structure which result in changing the secondary
structure, fibril morphology and cytotoxicity.
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Figure
enantiomeric carbon dots from D or L-lysine carbon source, ii)

6) Schematic representation

Characterization of enantiomeric carbon dots A) CD spectrum
of D-lysine C-dots and L-lysine C-dots, B) HR-TEM image of
L-lysine C-dots (inset image: lattice fringes of C-dots, Scale
bar: 2 nm), iii) Secondary structure of Ab42 peptide in the
presence and absence of D-lysine C-dots and L —lysine C-dots
A) CD spectra recorded at t=0, B) CD spectra recorded after
24 h, iv) Morphology of Ab42 fibril in the presence of A) Buffer
alone B) buffer + D-Lys C-dots, C-D) buffer + L-Lys C dots
after 24h incubation. Scale bars: 100 nm (A-C) and 50 nm (D).
Reproduced with permission [115]. Copyright 2018, The Royal
Society of Chemistry (RSC).

Xiao and his coworkers have developed
glycine-proline-glutamate conjugated graphene
quantum dots (GQDG) based nano drug carrier
for treatment Alzheimer’s disease [119]. In
this study, the prepared nano drug carrier was
improved the learning and memory ability of
APP/PSI mice via prevents the aggregation
of AB,,, fibrils and reduces the inflammatory
response. Zhou et al have used citric acid
and o-phenylenediamine as a precursor for
preparation of 3 nm size of amphiphilic yellow-
emissive CDs through ultrasonication method.
The prepared CDs were effectively crossing
the blood brain barrier as well as significantly
inhibiting the formation of amyloid precursor

protein (APP) and AP plaques (Ap).

This observation can be attributed to the
hydrophilic functional group could be useful
for inhibit the formation of AP plaques, whereas
hydrophobic functional could be beneficial for
cross the BBB via passive diffusion. This result
indicated that amphiphilic nature of CDs were
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potential material for treatment of Alzheimer’s
related disease. It has been documented that
Clitoria ternatea (ct) exhibit better memory
enhancement effects because of their histidine
and threonine components in chemical structure
[120]. Tak et al have prepared stable graphene
quantum dots (ctGQDs, size 10-20 nm) from
flower extract of Clitoria ternatea via one-pot
microwave assisted method [121]. The smaller
size of ctGQDs exhibited higher inhibition of
acetyl cholinesterase enzyme (86.32 + 1.52%)),
enhance the level of glutathione and protein as
well as reduce the level of lipid peroxide and
nitric oxide. This observation indicated that
smaller size of ctGQDs were easily crossed
the blood-brain barrier leads to effective in
decreasing the Alzheimer-like symptoms in
rodent model due to the synergic effect of
Clitoria ternatea and GQDs. Guerrero et al have
synthesized spherical shape of sodium-citrate
derived CQDs through one-spot hydrothermal
method (Figure 7) [122].

.
i) __ NH,

Size (d.om) s Size (dnm)
!30

£20

L]

Cytotoxicity Assay

Figure 7) i) Synthesis of CODs from organic precursor
through hydrothermal method, ii) Characterization
of CODs a) Hydrodynamic size and b) morphology,
iii) Cytotoxicity assay of synthesized CQODs (Human
Neuroblastoma cells), and iv) Dynamic light scattering
data of a) HEWL oligomers b) Na-citrate CQODs treated
HEWL (conversion of oligomers to monomers) c) mature
HEWL fibrils d) Na-citrate CQDs treated with mature
HEWL fibrils ( conversion of mature fibrils into smaller
aggregates) e) AFM image of HEWL fibrils and f) AFM
image of HEWL in the presence of Na-citrate CQDs.
Reproduced with permission [119]. Copyright 2021,
American chemical Society (ACS).
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The smaller size with spherical shape of CQDs
were rapidly destructing the fibril formation
process of amyloid protein (Hen-Egg White
Lysozyme as a model protein) due to their
greater binding affinity with fibril via several
interaction mechanism such as m-m stacking,
non-covalent and hydrophobic interactions.
Yan et al have prepared 25.5 nm sizes of
glycosylated carbon dots (gCDs) from glucose
by a solvothermal method. The prepared gCDs
was coated with Epigallocatechin-3-gallate
(EGCG or E) via non-covalent interactions.
Subsequently, they evaluated the efficiency
of gCDs-E in preventing AP fibrillization and
disaggregating fibrils. The obtained result
indicated that gCDs-E significantly inhibit and
disaggregate the AP fibrils (average length -648
nm) into small fragments (average length -3.6
nm) after 24h. This observation was further
confirmed with CD spectra, the - sheet structure
of AP peptide completely changed to random
coil structure in the presence of gCDs-E after
24 h. The secondary structure analysis indicated
that - sheet component of AP peptide decreases
from 55.7% to 31.2% as well as increases the
random coil components from 19.3% to 35.9%.

The inhibition process was quantified through
Thioflavin T (ThT) assay. In the absence of
gCDs, AP peptide showed stronger fluorescence
intensity, whereas in the presence of gCDs
and gCDs-E the fluorescence intensity was
highly reduced and inhibition efficiency was
62.97% and 90% respectively. In addition
to this, gCDs-E shows biocompatible, better
antifungal functions against Candida albicans,
reduce the toxicity of AP peptides, highly
penetrate the blood-brain barrier and enhance
the memory deficits of APP/PS1 mice. These
observations imply that gCDs-E could be use as
potential therapeutic materials for treatment of
Alzheimer’s disease. Similarly, Chung et al have
used o-phenylenediamine (OPD) as a precursor
for multifunctional luminescent carbon dots
(OPCDs) preparation through hydrothermal
method [123]. The prepared OPCDs was inhibit
the Cu(Il)-mediated AP aggregation due to
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presence of nitrogen containing polyaromatic
functional groups on surface of OPCDs were
easily attract the Cu(Il) resulting in altered the
secondary structure of AP peptides. In addition,
upon light irradiation, the photo- excited carbon
dots oxidize AP peptides lead to disrupting the
Cu (II)-mediated AP aggregation.

This observation suggested that OPCDs shows
potential therapeutic materials against Cu (II)-
mediated AP aggregation in Alzheimer’s disease
due to their synergistic effect such as chelating
Cu(Il) and inhibiting AP aggregation. Mintz
et al have reported that CDs-EDA- tryptophan
shows higher ability to cross the blood-brain
barrier in central nervous system of zebrafish
due to the presence of tryptophan molecule on
surface of CDs leads to potential materials for
Alzheimer’s disease. Mathew et al have prepared
~144 nm size of luminescent nano-drug carrier
materials by integrating chitosan coated carbon
quantum dots with dopamine (dopamine@CS/
CD) [124]. The prepared dopamine@CS/CD
material exhibited higher drug encapsulation
efficiency (80%), better biocompatibility against
SH-SYS5Y and IG-21 cell lines (97%), sustained
dopamine release towards neurodegenerative
diseases as well as tracking the drug delivery
process via bioimaging. This observed result
can be attributed to the presence of CQDs in
luminescent nano-drug carrier materials.

All the results suggested that CDs and surface
functionalized CDs were easily penetrate blood-
brain barrier and deliver the neuroprotective
peptides in CNS, inhibit the formation of
protein aggregates, reduce the protein aggregate
induced toxicity and inflammation, facilitate
the detection of protein aggregation as well as
monitoring of treatment process (non-invasive
imaging) leads to use as potential materials for
neurodegenerative diseases.

Conclusion

A broad literature review suggested that
the treatment of AD and PD related
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neurodegenerative diseases have  be
significantly improved by using smaller size
of multifunctional carbon dots with advanced
technology. Smaller size of multifunctional
carbon dots can easily cross the blood
brain barrier, capability to rapidly bind and
disaggregate fibrils, decrease invasiveness,
multiple drug load efficiency and release in
target and sustained manner, biocompatible,
inhibit the disease associated enzymes, protect
the neural cells, simultaneously use as drug
and imaging probe during the real time in-vitro
and in-vivo analysis. In the near future, the
combination of multifunctional carbon dots with
precise strategy and advanced technologies will
undoubtedly result in a promising diagnostic
and therapeutic tool to treat Alzheimer’s and

Parkinson’s disease.

Although several research works focused on the
application of multifunctional carbon dots on
neurodegenerative diseases, there is still have
many limitations and unsolved challenges that
should be addressed before using carbon dots
in clinical applications. The following are some
of the factors that should be taken into account
further.

e Currently, all the available treatments are
temporary improvement in brain functions
but there is no proper curable treatment
for neurodegenerative diseases. So, the
understanding the origin of biological
process and pathogenesis behind the
formation of neuronal degeneration or
directly targeting the neuronal degeneration
could provide a suitable cure for

neurodegenerative disease.

e The influence of carbon dots on protein
aggregations are highly depends on the size,
shape, charge and chemical composition.
Several in-vitro and in-vivo studies are
essential to identify how nanoparticle
behaves on protein aggregations under
different combinations of these factors.
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e Various synthetic methods, size and surface
functionalization or coating offer lower
cytotoxicity in synthesized carbon dots. So,
further research is needed to evaluate about
the lower cytotoxicity of carbon dots before
the clinical trials.

e Understanding the carbon dots structure,
function and cellular toxicity is highly
essential for application of carbon dots for
neurodegenerative diseases. Because some
carbon dots can create the side effect on
targeting sites and other organs in central
nervous system. Preparation of suitable
carbon dots is compatible with neuronal
tissue and without side effect after treatment
is necessary to minimize the clinical trials.

e Design and developing single
multifunctional carbon dots for various
neurodegenerative diseases is significant
challenging in this field. Because of up to
now a very limited genetic proof has been
identified for the association between these

neurodegenerative diseases. To mitigate

ISSN 2816-573X

this problem, more number of studies needs
to be carried out to understand the common
molecular mechanism which is connecting
the neurodegenerative diseases.

research
dots  for
over the next

We anticipate that continued

with  multifunctional  carbon
neurodegenerative diseases
several years will advance the field of neural
tissue regeneration by focusing on overcoming

multifunctional carbon dots limitations.
Authors Contributions

M.V. developed an idea and constructs the entire
manuscript. Author M.V. have given approval
to the final version of the manuscript.

Acknowledgment

Author M.V. would like to thank Department
of Science and Technology, Government
of India for financial support (DST-
INSPIRE Faculty Fellowship, Ref. No.
DST/INSPIRE/04/2022/02114 and Faculty
Registration No. IFA22-CH 379).

References

1. Forman, MS, Trojanowski JQ, Lee VM.
Neurodegenerative diseases: a decade of
discoveries paves the way for therapeutic

breakthroughs. Nat Med. 2004;10:1055-63.

2. Gitler AD, Dhillon P, Shorter J.
Neurodegenerative models,
mechanisms, and a new hope. Dis Model
Mech. 2017;10:499-502.

disease:

3. Palop JJ, Chin J, Mucke L. A network
dysfunction perspective on neurodegenerative
diseases. Nature. 2006;443:768-73.

4. Ross CA, Poirier MA. Protein aggregation
and neurodegenerative disease. Nat Med.
2004;10:S10-7.

5. Barnham KIJ, CL, Bush AL
Neurodegenerative diseases and oxidative

Masters

Int J Adv Nano Comput Anal Vol 2 No 1 July 2023

stress. Nat Rev Drug Discov. 2004;3:205-14.

6. Kumar V, Sami N, Kashav T, et al. Protein
aggregation and neurodegenerative diseases:
from theory to therapy. Eur J Med Chem.
2016;124:1105-20.

7. Dugger BN, Dickson DW. Pathology of
neurodegenerative diseases. Cold Spring Harb
Perspect Biol. 2017;9:a028035.

8. Voet S, Srinivasan S, Lamkanfi M, et al.
Inflammasomes in neuroinflammatory and

neurodegenerative diseases. EMBO Mol Med.
2019;11:e10248.

9. Zhang J, Sokal I, Peskind ER et al. CSF
multianalyte profile distinguishes Alzheimer
and Parkinson diseases. Am J Clin Pathol.
2008;129:526-9.

53



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Int J Adv Nano Comput Anal

Irvine GB, El-Agnaf OM, Shankar GM, et al.
Protein aggregation in the brain: the molecular

basis for Alzheimer’s and Parkinson’s diseases.
Mol Med. 2008;14:451-64.

Goedert M, Spillantini MG. A century of
Alzheimer’s disease. Science. 2006;314:777-81.

Roses AD. The Alzheimer
Curr Opin Neurobiol. 1996;6:644-50.

diseases.

Brown DR, Kozlowski H. Biological
inorganic and  bioinorganic  chemistry
of neurodegeneration based on prion

and Alzheimer diseases. Dalton Trans.

2004;13:1907-17.

Poewe W, Seppi K, Tanner CM, et al. Parkinson
disease. Nat Rev Dis Primers. 2017;3:17013.

Espay AJ, Lang AE. Parkinson diseases in the
2020s and beyond: replacing clinico-pathologic
convergence with systems biology divergence.
J Parkinsons Dis. 2018;8:S59-64.

Armstrong MJ, Okun MS. Diagnosis and
treatment of Parkinson disease: a review.
JAMA. 2020;323:548-60.

Kurosinski P, Guggisberg M, Gotz J.

Alzheimer’s and  Parkinson’s  disease-
overlapping or synergistic pathologies? Trends

Mol Med. 2002;8:3-5.

Ganguly G, Chakrabarti S, Chatterjee U,
et al. Proteinopathy, oxidative stress and
mitochondrial dysfunction: cross talk in
Alzheimer’s disease and Parkinson’s disease.
Drug Des Devel Ther. 2017;11:797-810.

Agnihotri A, Aruoma Ol Alzheimer’s
disease and Parkinson’s disease: a nutritional
toxicology perspective of the impact of
oxidative stress, mitochondrial dysfunction,
nutrigenomics and environmental chemicals. J
Am Coll Nutr. 2020;39:16-27.

Hashimoto M, Rockenstein E, Crews L, et al.
Role of protein aggregation in mitochondrial

Vol 2 No 1 July 2023

21.

22.

23.

24.

25.

26.

27.

28.

29.

ISSN 2816-573X

dysfunction and neurodegeneration in
Alzheimer’s and Parkinson’s  diseases.

Neuromolecular med. 2003;4:21-35.

Maher P. The potential of flavonoids for the
treatment of neurodegenerative diseases. Int J
Mol Sci. 2019;20:3056.

Ramassamy C. Emerging role of
polyphenolic compounds in the treatment
of neurodegenerative diseases: a review of
their intracellular targets. Eur J Pharmacol.
2006;545:51-64.

Ballatore C, Brunden KR, Trojanowski JQ, et
al. Modulation of protein-protein interactions
as a therapeutic strategy for the treatment of

neurodegenerative tauopathies. Curr Top Med
Chem. 2011;11:317-30.

Duraes F, Pinto M, Sousa E. Old drugs as new
treatments for neurodegenerative diseases.
Pharmaceuticals (Basel). 2018;11:44.

Baig MH, Ahmad K, Saeced M, et al. Peptide
based therapeutics and their use for the treatment
of neurodegenerative and other diseases.
Biomed Pharmacother. 2018;103:574-81.

Mishra N, Ashique S, Garg A, et al. Role of
siRNA-based nanocarriers for the treatment

of neurodegenerative diseases. Drug Discov
Today. 2022;27:1431-40.

Amiri A, Barreto G, Sathyapalan T, et
al. siRNA Therapeutics: future Promise
for  neurodegenerative  diseases.
Neuropharmacol. 2021;19:1896-911.

Curr

Tomoshige S, Ishikawa M. PROTACs and other
chemical protein degradation technologies for

the treatment of neurodegenerative disorders.
Angew Chem Int Ed Engl. 2021;60:3346-54.

Reinhardt P, Glatza M, Hemmer K, et al.
Derivation and expansion using only small
molecules of human neural progenitors for
neurodegenerative disease modeling. PloS
One. 2013;8:€59252.

54



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Int J Adv Nano Comput Anal

Ghosh P, De P. Modulation of amyloid protein
fibrillation by synthetic polymers: recent
advances in the context of neurodegenerative
diseases. ACS Appl Bio Mater. 2020;3:6598-
625.

Zakariya SM, Furkan M, Zaman M, et al. An
in-vitro elucidation of inhibitory potential of
carminic acid: possible therapeutic approach
for neurodegenerative diseases. J Mol Lig.
2020;303:112692.

Mazanetz MP, Fischer PM. Untangling tau
hyperphosphorylation in drug design for
neurodegenerative diseases. Nat Rev Drug
Discov. 2007;6:464-79.

Kumar S, Chowdhury S, Kumar S. In
silico repurposing of antipsychotic drugs
for Alzheimer’s disease. BMC Neurosci.

2017;18:1-16.

Palmer AM. The role of the blood brain barrier
in neurodegenerative disorders and their
treatment. J Alzheimers Dis. 2011;24:643-56.

Carvey PM, Hendey B, Monahan AJ. The
blood-brain barrier in neurodegenerative
disease: a rhetorical perspective. J Neurochem.
2009;111:291-314.

LiT,Hou X, QiY, Duan X, et al. Nanomaterials
for neurodegenerative diseases: molecular
mechanisms guided design and applications.
Nano Res. 2022:15:3299-322.

Cui W, Fu W, Lin Y, et al. Application of
nanomaterials in neurodegenerative diseases.
Curr Stem Cell Res Ther. 2021;16:83-94.

Poovaiah N, Davoudi Z, Peng H, et al.
Treatment of neurodegenerative disorders
through the blood-brain barrier using
nanocarriers. Nanoscale. 2018;10:16962-83.
Asil SM, Ahlawat J, Barroso G. et al.
Nanomaterial based drug delivery systems for
the treatment of neurodegenerative diseases.
Biomater Sci. 2020;8:4109-28.

Vol 2 No 1 July 2023

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

ISSN 2816-573X

Hettiarachchi SD, Zhou Y, Seven E, et
al. Nanoparticle-mediated approaches for
Alzheimer’s disease pathogenesis, diagnosis,

and therapeutics. J Control Release.
2019;314:125-40.

Trompetero A, Gordillo A, Del Pilar MC, et al.
Alzheimer’s disease and Parkinson’s disease:
a review of current treatment adopting a
nanotechnology. Approach Curr Pharm Des.
2018;24:22-45.

Soursou G, Alexiou A, Ashraf GM, et al.
Applications of nanotechnology in diagnostics
and therapeutics of Alzheimer’s and Parkinson’s
disease. Curr Drug Metab. 2015;16:705-12.

XuY, Zhao M, Zhou D, et al. The application of
multifunctional nanomaterials in Alzheimer’s
disease: a potential theranostics strategy.
Biomed Pharmacother. 2021;137:111360.

Sharma PK, Ruotolo A, Khan R, et al.
Perspectives on 2D-borophene flatland for smart
bio-sensing. Mater Lett. 2022;308:131089.
Sharma PK, Kim ES, Mishra S, et al.
Ultrasensitive probeless capacitive biosensor
for amyloid beta (AB1-42) detection in human
plasma using interdigitated electrodes. Biosens
Bioelectron. 2022;212:114365.

Spuch C, Saida O, Navarro C. Advances in
the treatment of neurodegenerative disorders
employing nanoparticles. Recent Pat Drug
Deliv Formul. 2012;6:2-18.

Anwar S, Ding H, Xu M, et al. Recent advances
in synthesis, optical properties, and biomedical
applications of carbon dots. ACS Appl Bio
Mater. 2019;2:2317-38.

Vedhanayagam M, Raja IS, Molkenova
A, et al. Carbon dots-mediated fluorescent
scaffolds: recent trends in image-guided
tissue engineering applications. Int J Mol Sci.
2021;22:5378.

Cui L, Hou NN, Wu HM, et al. Prevalence of
Alzheimer’s disease and Parkinson’s disease in

55



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Int J Adv Nano Comput Anal

China: an updated systematical analysis. Front
Aging Neurosci. 2020;12:603854.

Jacobs HIL, Riphagen JM, Ramakers IHGB,
et al. Alzheimer’s disease pathology: pathways
between central norepinephrine activity,
memory, and neuropsychiatric symptoms. Mol
Psychiatry. 2021;26:897-906.

Thakur AK, Kamboj P, Goswami K, et
al. Pathophysiology and management of
Alzheimer’s disease: an overview. J Anal
Pharm Res. 2018;9:226-35.

Trejo-Lopez JA, Yachnis AT, Prokop S, et
al. Neuropathology of Alzheimer’s disease.
Neurotherapeutics. 2022;19:173-185.

Brai E, Tonacci A, Brugada-Ramentol V,
et al. Intercepting dementia: awareness and
innovation as key tools. Front Aging Neurosci.
2021;13:730727.

Chen X, Guo C, Kong J. Oxidative stress in
neurodegenerative diseases. Neural Regen
Res. 2012;7:376.

Washington PM, Morfty N, Parsadanian M, et
al. Experimental traumatic brain injury induces
rapid aggregation and oligomerization of
amyloid-beta in an Alzheimer’s disease mouse
model. J Neurotrauma. 2014;31:125-34.

Gupta J, Fatima MT, Islam Z, et al. Nanoparticle
formulations in the diagnosis and therapy of
Alzheimer’s disease. Int J Biol Macromol.
2019;130:515-26.

Pandey M, Choudhury H, Verma RK, et al.
Nanoparticles based intranasal delivery of
drug to treat Alzheimer’s disease: a recent
update. CNS Neurol Disord Drug Targets.
2020;19:648-62.

Poudel P, Park S. Recent advances in the
treatment of Alzheimer’s disease using
nanoparticle-based drug delivery systems.

Pharmaceutics. 2022;14:835.

Lebouvier T, Chaumette T, Paillusson S, et al.

Vol 2 No 1 July 2023

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

ISSN 2816-573X

The second brain and Parkinson’s disease. Eur
J Neurosci. 2009;30:735-41.

Ball N, Teo WP, Chandra S, et al. Parkinson’s
disease and the environment. Front Neurol.
2019;10:218.

Tysnes OB, Storstein A. Epidemiology of
Parkinson’s disease. J Neural Transm (Vienna).
2017;124:901-5.

Koprich JB, Johnston TH, Reyes MG, et al.
Expression of human A53T alpha-synuclein in
the rat substantia nigra using a novel AAV1/2
vector produces a rapidly evolving pathology
with protein aggregation, dystrophic neurite
architecture and nigrostriatal degeneration with
potential to model the pathology of Parkinson’s
disease. Mol Neurodegener. 2010;5:1-12.

Mehra S, Sahay S, Maji SK .o-Synuclein
misfolding and aggregation: implications
in  Parkinson’s  disease  pathogenesis.
Biochim Biophys Acta Proteins Proteom.

2019;1867:890-908.

Recchia A, Debetto P, Negro A, et al. o-
Synuclein and Parkinsonm>s disease. FASEB
J. 2004;18:617-26.

Brotchie J, Fitzer-Attas C. Mechanisms
compensating for dopamine loss in early
Parkinson disease. Neurology. 2009;72:S32-8.

Olanow CW, Obeso JA, Stocchi F. Continuous
dopamine-receptor treatment of Parkinson’s
disease: scientific rationale and clinical
implications. Lancet Neurol. 2006;5:677-87.

Dehay B, Bourdenx M, Gorry P, et al. Targeting
a-synuclein for treatment of Parkinson’s disease:
mechanistic and therapeutic considerations.
Lancet Neurol. 2015;14:855-66.

Connolly BS, Lang AE. Pharmacological
treatment of Parkinson disease:
JAMA. 2014;311:1670-83.

a review.

Rahman MM, Ferdous KS, Ahmed M.
Emerging promise of nanoparticle-based

56



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Int J Adv Nano Comput Anal

treatment for Parkinson’s disease. Biointerface
Res Appl Chem. 2020;10:7135-51.

Moni MMR, Begum MM, Uddin MS, et al.
Deciphering the role of nanoparticle-based

treatment for Parkinson’s disease. Curr Drug
Metab. 2021;22:550-60.

Papaioannou N, Titirici MM, Sapelkin A.
Investigating the effect of reaction time on
carbon dot formation, structure, and optical
properties. ACS Omega. 2019;4:21658-65.

Xu X, Ray R, Gu Y, et al. Electrophoretic
analysis and purification of fluorescent single-

walled carbon nanotube fragments. ] Am Chem
Soc. 2004;126:12736-7.

Li H, Yan X, Kong D, et al. Recent advances
in carbon dots for bioimaging applications.
Nanoscale Horiz. 2020;5:218-34.

Wu ZL, Liu ZX, Yuan YH. Carbon dots:
materials, synthesis, properties and approaches
to long-wavelength and multicolor emission. J
Mater Chem B. 2017;5:3794-809.

Wang Y, HuA. Carbon quantum dots: synthesis,
properties and applications. J Mater Chem C.
2014;2:6921-39.

Wang R, Lu KQ, Tang ZR, et al. Recent
progress in carbon quantum dots: synthesis,
properties and applications in photocatalysis. J
Mater Chem A. 2017;5:3717-34.

Das R, Bandyopadhyay R, Pramanik P, et al.
Carbon quantum dots from natural resource: a
review. Mater Today Chem. 2018;8:96-109.

Huang S, Li W, Han P, et al. Carbon quantum
dots: synthesis, properties, and sensing
applications as a potential clinical analytical
method. Anal Methods. 2019;11:2240-58.

Molaei MJ. Carbon quantum dots and their
biomedical and therapeutic applications: a
review. RSC Adv. 2019;9:6460-81.

Vol 2 No 1 July 2023

80.

81.

82.

83.

84.

85.

86.

87.

88.

ISSN 2816-573X

Konwar A, Gogoi N, Majumdar G, et al. Green
chitosan-carbon dots nanocomposite hydrogel
film with superior properties. Carbohydr
Polym. 2015;115:238-45.

Chellasamy G, Arumugasamy SK, Govindaraju
S, et al. Green synthesized carbon quantum
dots from maple tree leaves for biosensing
of Cesium and electrocatalytic oxidation of
glycerol. Chemosphere. 2022;287:131915.

Roy P, Periasamy AP, Chuang C, et al. Plant
leaf-derived graphene quantum dots and
applications for white LEDs. New J Chem.
2014;38:4946-51.

Wang X, Yang P, Feng Q, et al. Green
preparation of fluorescent carbon quantum dots
from cyanobacteria for biological imaging.
Polym J. 2019;11:616.

ZhangZ,Sun W, WuP. Highly photoluminescent
carbon dots derived from egg white: facile and
green synthesis, photoluminescence properties,
and multiple applications. ACS Sustain Chem
Eng. 2015;3:1412-8.

Abu-Ghosh S, Kumar VB, Fixler D, et
al. Nitrogen-doped carbon dots prepared
from bovine serum albumin to enhance
algal astaxanthin production. Algal Res.
2017;23:161-5.

Dong Y, Pang H, Yang HB, et al. Carbon-based
dots co-doped with nitrogen and sulfur for high
quantum yield and excitation-independent
emission. Angew Chem. 2013;125:7954-8.

Hu C, Yu C, Li M, et al. Chemically tailoring
coal to fluorescent carbon dots with tuned size
and their capacity for Cu (II) detection. Small.
2014;10:4926-33.

Qian Z, Ma J, Shan X, et al. Surface
functionalization of  graphene
dots with small organic molecules from
photoluminescence modulation to bioimaging
applications: an experimental and theoretical
investigation. RSC Adv. 2013;3:14571-9.

quantum

57



9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Int J Adv Nano Comput Anal

Kundu A, Lee J, Park B, et al. Facile
approach to synthesize highly fluorescent
multicolor emissive carbon dots via surface
functionalization for cellular imaging. Adv
Colloid Interface Sci. 2018;513:505-14.

Zhou Y, Zahran EM, Quiroga BA, et al
Size-dependent photocatalytic activity of
carbon dots with surface-state determined
photoluminescence. Appl Catal B.
2019;248:157-66.

Hu S, Tian R, Dong Y, et al. Modulation and
effects of surface groups on photoluminescence
and photocatalytic activity of carbon dots.
Nanoscale. 2013;5:11665-71.

Dehghani A, Ardekani SM, Hassan M, et al.
Collagen derived carbon quantum dots for
cell imaging in 3D scaffolds via two-photon
spectroscopy. Carbon. 2018;131:238-45.

Liu J, Li R, Yang B. Carbon dots: a new type
of carbon-based nanomaterial with wide
applications. ACS Cent Sci. 2020;6:2179-95.

Tajes M, Ramos-Fernandez E, Weng-Jiang
X, et al. The blood-brain barrier: structure,
function and therapeutic approaches to cross it.
Mol Membr Biol. 2014;31:152-67.

Zhou Y, Peng Z, Seven ES, et al. Crossing
the blood-brain barrier with nanoparticles. J
Control Release. 2018;270:290-303.

Banks WA. Characteristics of compounds that
cross the blood-brain barrier. BMC Neurol.
2009;9:1-5.

Sander B, Larsen M, Moldow B, et al. Diabetic
macular edema: passive and active transport
of fluorescein through the blood-retina barrier.
Invest Ophthalmol Vis Sci. 2001;42:433-8.

Zhang W, Sigdel G, Mintz KIJ, et al. Carbon
dots: a future blood-brain barrier penetrating

nanomedicine and drug nanocarrier. Int J
Nanomedicine. 2021;16:5003.

Vol 2 No 1 July 2023

99.

100.

101.

102.

103.

104.

105.

106.

107.

ISSN 2816-573X

Yan C, Wang C, Shao X, et al. Dual-targeted
carbon-dot-drugs nanoassemblies for
modulating Alzheimer’s related amyloid-$§
aggregation and inhibiting fungal infection.
Mater Today Bio. 2021;12:100167.

Han X, Jing Z, Wu W, et al. Biocompatible and
blood-brain barrier permeable carbon dots for
inhibition of AP fibrillation and toxicity, and
BACEI activity. Nanoscale. 2017;9:12862-6.

Seven ES, Seven YB, Zhou Y, et al. Crossing
the blood-brain barrier with carbon dots:
uptake mechanism and in vivo cargo delivery.
Nanoscale Adv. 2021;3:3942-53.

Perini G, Palmieri V, Ciasca G, et al. Enhanced
chemotherapy for glioblastoma multiforme
mediated by functionalized graphene quantum
dots. Materials. 2020;13:4139.

Ashrafizadeh M, Mohammadinejad R,
Kailasa SK, et al. Carbon dots as versatile
nanoarchitectures for the treatment of
neurological disorders and their theranostic

applications: a review. Adv Colloid Interface
Sci. 2020;278:102123.

Zeiadeh I, Najjar A, Karaman R. Strategies for
enhancing the permeation of CNS-active drugs
through the blood-brain barrier: a review.
Molecules 2018;23:1289.

Li S, Peng Z, Dallman J. Crossing the blood-
brain-barrier with transferrin  conjugated
carbon dots: a zebrafish model study. Colloids
Surf B. 2016;145:251-6.

Mintz KJ, Mercado G, Zhou Y, et al. Tryptophan
carbon dots and their ability to cross the blood-
brain barrier. Colloids Surf B. 2019;176:488-93.

Zhou Y, Liyanage PY, Devadoss D, et al.
Nontoxic amphiphilic carbon dots as promising
drug nanocarriers across the blood-brain
barrier and inhibitors of f-amyloid. Nanoscale.
2019;11:22387-97.

58



108.

109.

110.

I11.

112.

113.

114.

115.

116.

Int J Adv Nano Comput Anal

Jung L, Narayan P, Sreenivasan ST, et al.
Untangling the potential of carbon quantum
dots in neurodegenerative disease. Processes.
2020;8:599.

Mars A, Hamami M, Bechnak L, et al.
Curcumin-graphene quantum dots for dual
mode sensing platform: electrochemical and
fluorescence detection of APOe4, responsible
of Alzheimer’s disease. Analytica Chimica
Acta. 2018;1036:141-6.

ChungYJ,LeeCH,LimJ,etal. Photomodulating
carbon dots for spatiotemporal suppression
of Alzheimer’s B-amyloid aggregation. ACS
Nano. 2020;14:16973-83.

Liu C, Huang H, Ma L, et al. Modulation of
B-amyloid aggregation by graphene quantum
dots. Royal Soc Open Sci. 2019;6:190271.

LiH, Zhang Y, Ding J, et al. Synthesis of carbon
quantum dots for application of alleviating
amyloid-f mediated neurotoxicity. Colloids
Surf B. 2022;212:112373.

Liston DR, Nielsen JA, Villalobos A, et al.
Pharmacology of selective acetylcholinesterase
inhibitors: implications for use in Alzheimer’s
disease. Eur J Pharmacol. 2004;486:9-17.

Qian Z, Chai L, Tang C, et al. A fluorometric
assay for acetylcholinesterase activity and
inhibitor screening with carbon quantum dots.
Sens Actuators B Chem. 2016;222:879-86.

Ghaeidamini M, Bernson D, Sasanian N, et al.
Graphene oxide sheets and quantum dots inhibit
a-synuclein amyloid formation by different
mechanisms. Nanoscale. 2020;12:19450-60.

Kim D, Yoo JM, Hwang H, et al. Graphene
quantum  dots a-synucleinopathy

Nat Nanotechnol.

prevent
in Parkinson’s disease.
2018;13:812-8.

Vol 2 No 1 July 2023

117.

118.

119.

120.

121.

122.

123.

124.

ISSN 2816-573X

Kim DJ, Yoo JM, Suh Y, et al. Graphene
quantum dots from carbonized coffee bean

wastes for biomedical applications. Nanomater.
2021;11:1423.

Malishev R, Arad E, Bhunia SK, et al. Chiral
modulation of amyloid beta fibrillation and
cytotoxicity by enantiomeric carbon dots.
Chem Comm. 2018;54:7762-5.

Xiao S, Zhou D, Luan P, et al. Graphene
quantum dots conjugated neuroprotective
peptide improve learning and memory
capability. Biomater. 2016;106:98-110.

Taranalli AD, Cheeramkuzhy T. Influence
of Clitoria ternatea extracts on memory and
central cholinergic activity in rats. Pharm Biol.
2000;38:51-6.

Tak K, Sharma R, Dave V, et al. Clitoria ternatea
mediated synthesis of graphene quantum dots
for the treatment of Alzheimer’s disease. ACS
Chem Neurosci. 2020;11:3741-48.

Guerrero ED, Lopez-Velazquez AM, Ahlawat
J, et al. Carbon quantum dots for treatment
of amyloid disorders. ACS Appl Nano Mater.
2021;4:2423-33.

Chung YJ, Lee BI, Park CB, et al
Multifunctional carbon dots as a therapeutic
nanoagent for modulating Cu (ii)-mediated
B-amyloid aggregation. Nanoscale.
2019;11:6297-306.

Mathew SA, Praveena P, Dhanavel S, et al.
Luminescentchitosan/carbondotsasaneffective
nano-drug carrier for neurodegenerative
diseases. RSC Adv. 2020;10:24386-96.

59



