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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) nanomaterials have garnered enormous attention seemingly due to their unusual archi-

2D "ifnomﬁter_lﬁls tecture and properties. Graphene and graphene oxide based 2D nanomaterials remained the most sought after for

gl‘zhelm.er s disease several years but the quest to design superior 2D nanomaterials which can find wider application gave rise to
iagnosis

development of non-graphene 2D materials as well. Consequently, in addition to graphene based 2D nano-
materials, 2D nanostructures designed using macromolecules (such as DNAs, proteins, peptides and peptoids),
transition metal dichalcogenides, transition-metal carbides and/or nitrides (MXene), black phosphorous, chito-
san, hexagonal boron nitrides, and graphitic carbon nitride, and covalent organic frameworks have been
developed. Interestingly, these 2D nanomaterials have found applications in diagnosis and treatment of various
diseases including Alzheimer’s disease (AD). Although AD is one of the most debilitating neurodegenerative
conditions across the globe; unfortunately, there remains a paucity of effective diagnostic and/or therapeutic
intervention for it till date. In this scenario, nanomaterial-based biosensors, or therapeutics especially 2D
nanostructures are emerging to be promising in this regard. This review summarizes the diagnostic and thera-
peutic platforms developed for AD using 2D nanostructures. Collectively, it is worth mentioning that these 2D
nanomaterials would seemingly provide an alternative and intriguing platform for biomedical interventions.

Treatment
Graphene

1. Introduction and properties of two-dimensional (2D) nanomaterials have made them
the focal point of research amongst scientific community across the
Over the years, it has been envisaged that the distinctive architecture globe [1-8]. The development of graphene 2D materials brought such a
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turning point in the area of materials science that its discoverers were
awarded the Noble Prize. Numerous structurally related 2D nano-
materials, such as transition metal dichalcogenide nanosheets and 2D
polymers have since appeared [7,9]. Interestingly, scientists have suc-
ceeded in assembling functional 2D nanomaterials from macromolec-
ular assemblies such as DNAs, proteins, peptides and peptoids (or
poly-N-substituted glycine) with well-orchestrated structural skeletons
and a high degree of information encoded by side-chain residue se-
quences [7,10-17]. Due to their benefits in realizing tailor-made and
sequence-specific properties, such type of 2D nanomaterials have
garnered increasing interest.

Alzheimer’s disease (AD) is a distressing neurodegenerative (ND)
condition and a leading contributor of dementia in the elderly popula-
tion worldwide [18-21]. Of note, progressive nerve cell degeneration is
the hallmark of AD, resulting in deterioration of cognitive functions. As a
matter of fact, the brain areas viz. the hippocampus and cerebral cortex,
which are directly linked to memory functioning and higher intellectual,
unfortunately there is reduced cholinergic transmission in AD condition
[22]. p-amyloid (AB) aggregates have been shown by a large body of
research to form the basis of AD-associated senile (amyloid) plaques,
contributing to neuronal death and cognitive dysfunction. Of note, it is

Biomedicine & Pharmacotherapy 170 (2024) 116070

envisaged that more than 82 million people would be affected by this
untreatable disease by 2030 and this figure is expected to rise in near
future, as per recent reports [23]. To tackle this growing epidemic, early
diagnosis and prompt care are incredibly needed. To this end, various
techniques for the diagnosis and treatment of AD have been explored,
one of which is nanostructure exploitation. Interestingly, the use of
nanoparticles (nps) for diagnostic and therapeutic applications against
AD is associated with vast evidence. However, in the design of thera-
peutics and diagnostics against AD; 2D nanostructures, while superior to
nps in general, have only lately gained recognition. It is reasonable to
argue that owing to free obverse and reverse surfaces, 2D nanostructures
have a wide surface area and are thus seemingly superior in taking a
sizeable amount of payload to different locations. In addition, free
obverse and reverse surfaces in 2D nanostructures often make it possible
for more than one drug to be loaded concurrently, making them suitable
for hybrid therapies as well.

Considering these aspects, it is reasonable to argue that with ever-
increasing demand in healthcare sector for novel, efficient, and rapid
technologies for the diagnosis and therapeutic of AD, together with the
fact that 2D nanostructures provides vast scope for evolution of newer
generation of biomedical applications. Herein, we discuss various 2D
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Fig. 1. Representative figure highlighting various 2D nanomaterials for therapeutic intervention of AD.
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nanostructures that have been documented to date in the diagnosis and/
or treatment of AD. Fig. 1 represents the various 2D nanomaterials
employed in diagnosis and treatment of AD (Fig. 1); whereas Table 1
highlights the different 2D nanomaterials in diagnosis and treatment of
AD (Table 1). Interestingly, as more and more are gleaned about their
intricacies; they will be highly instrumental in revolutionizing the field
of biomedical applications against disease which have long been
acknowledged as untreatable.

2. 2D nanostructures in diagnosis of Alzheimer’s disease

On a global scale, AD is increasingly being realised as one of the most
important medical and social problems of elderly population and it is
projected to double every 20 years as the population ages [24]. Despite
extensive research on AD, there is neither confirmed pathological clarity
of AD nor effective therapy available as of now. Although the precipi-
tation of AP peptide that results in the formation of f-amyloid plaques,
and intracellular tau protein aggregation forming neurofibrillary tan-
gles, are the main biomarkers that appear in cerebrospinal fluid (CSF)
and blood several years before the appearance of symptoms. It has al-
ways been emphasized that to prevent the disease, early diagnosis is
absolutely needed [25]. In 2018, the National Institute on Aging-Alz-
heimer’s Association declared quantitative estimation of AD biomarkers
in CSF as diagnostic criterion for AD condition [25-27]. Nonetheless, the
invasiveness and pain caused by taking fluid from CSF via lumbar
puncture, has limited its public applicability. Over the years, it has been
envisaged that these biomarkers from CSF leaks into the blood stream
owing to breaching of the blood brain barrier (BBB) caused by AD
condition [28-31]. Accordingly, these biomarkers can be detected in the
blood samples by non-invasive and sensitive method [32]. In the journey
of advancing the current conventional AD diagnostic tools from
post-symptomatic to the pre-symptomatic stage, there is a dire need for
the development of novel diagnostic tools that are reliable,
cost-effective, highly accurate, and non-invasive [33].

In this connection, 2D nanostructures-impregnated biosensors are
gaining popularity due to their exceptional physicochemical properties,
high specificity, ultra-sensitivity, low cost and user friendliness [34,35].
Based on the applied transducer technology, the biosensors can be
basically classified into optical [36], piezoelectric [37], and electro-
chemical biosensors [38] and so on. Optical biosensors are subdivided
into fluorescent, colorimetric, and luminescent biosensors. Fluorescent
and luminescent biosensors are enzymes or florescent dyes-based bio-
sensors [39-41]. 2D nanomaterials such as transition metal dichalco-
genides and black phosphorus (BP) are basically applied in optical
biosensors [42-44]. Of note, the fluorescent biosensors, the most
commonly used optical biosensors, employ fluorescent detectors for the
detection of the ligand.2D nanomaterials viz. Molybdenum disulfide
nanosheets-based fluorescent (MoS2 NSs) biosensor was used for the
detection of A oligomers [45]. Similarly, graphene-oxide (GO) was
been employed for the detection of tau proteins [46], and WS2 nano-
sheets had been utilized for detection of miR-29a in human serum
samples [47]. Further, piezoelectric biosensors basically can detect an-
tigens (Ags) in solid and liquid states as a function of change in the mass
of substrate. Interestingly, it can detect the analytes (Ags) in the pico-
gram range based on change in frequency occurring as a result of
receptor-antigen interaction. Additionally, this biosensor can be applied
for detection of viruses, DNA hybridization, detection of cancer etc [48].
Moreover, electrochemical biosensors represent another most
commonly used system, as they offer several advantages including low
cost, portability, high sensitivity, user friendliness, determination of
analyte in turbid samples, and compatibility thereof [49,50]. Further,
electrochemical biosensors convert biochemical signals to ampero-
metric signal, wherein electrons are either created or used. Thereafter,
the respective transducers (conductometric, potentiometric, or impedi-
metric) generate the signal [51,52]. Examples of electrochemical bio-
sensors are amperometric, potentiometric, and conductometric

Table 1
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Representative table highlighting various 2D nanostructures in diagnosis and
treatment of AD.

S. Type of Examples Mechanism References
No. nanostructures
Diagnosis of AD
Graphene based Graphene oxide Adsorption/ [22]
nanostructures (GO) desorption of Ap
and enhance
sensitivity
Reduced GO Enhances [59,60]
electrochemical
activity as
biosensor for DNA
GO+ AuNPs Biosensor to track [64]
amyloid-beta
oligomers (ABO)
GO Biosensor for [59,65,
detection of 68]
miRNA-34a
GO and Ag-NP Enhanced [69,70]
detection of DA
Phenoxy-modified Detection of AChE [184]
dextran-GO (PhO-
dex-GO)
Au electrode Improved DA [72]
deposited withrtGO  detection
sheets and AuNPs
Dual-layered rGO Determination of [62]
AB1.42 in plasma
Au/NiFe204 Detection of ABy.42 [23]
@GO-Ch
GO-AgNPs-CS-PSS- Detection of APy 4> [771
Ccs
GO@LbL-AuNPs Detection of Tau- [78]
441
Peptoid Antibody-mimetic Detection of Ap42 [20,58]
nanosheets peptoid nanosheets
Transition metal WS, nanosheets Detection of miR- [85]
dichalcogenides 29a and Ap
WS, nanosheets- Detection of [105]
based florescence B-secretase
sensor (BACE1L)
MXene 2D MZXene (d- Detection of Ap [111]
nanomaterials Ti3C2TxMXene)
and (MWCNTSs)-
based sensor
Treatment of AD
Graphene based GO Slow down Ap [127,130]
nanostructures fibrillization,
inhibit
aggregation of
AP33.42
Thioflavin- Dissociation of [135]
modified GO +NIR  amyloid deposits
laser irradiation
Graphene quantum  Inhibit [137]
dots (GQDG) aggregation of Ap
(1-42), foster
neurogenesis, and
protect synapse
GO with protein- Inhibition of Ap [128]
coated GO fibrillation via
adsorption of Ap
monomers
GO plus carbon Significant [131,132]
nanodots, and inhibition of Aps3.
nanotubes 42 aggregation
WS, nanosheets WS, AB inhibition [141]
Black BP Nanosheets Antioxidant effect [142]
phosphorus by decreasing ROS
nanosheets (BP- induced cytoxicity
NS) PEG-LK7 @BP Inhibit ABs» [147]
fibrillogenesis
TiL, @BPNSs Inhibit Ap4 via [148]
adsorption

(continued on next page)
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Table 1 (continued)

S. Type of Examples Mechanism References
No.  nanostructures
Chitosan (CS) CNfib Reduces amnesia [149]
based drug
nanofilm
Graphitic g-C3N4 nanosheets  Inhibit Ap’s [152]
carbon nitride aggregation
nanosheets induced by metals,
attenuates
neurotoxicity,
decreases
intracellular ROS
¢-C3N4 @Pt Inhibit Ap [152]
fibrillation
g-C3N4/GO A fibrils [164]
disaggregation
Molybdenum Triphenyl- Decreased AB- [165]
disulfide- phosphonium mediated
quantum dots bromide- neurotoxicity,
molybdenum eliminated Ap
disulfide-quantum aggregates,
dots (TPP-MoS2 prevent neuro-
QDs) inflammation, and
M1/M2 microglial
polarization
Hexagonal hBN- NPs Attenuated Ap- [176]
boron nitride (h- induced
BN) neurotoxicity via
decreasing
necrosis and
apoptosis,
supressed EGFR
and TNF-o and
activated BDNF.
Covalent 2D COFs Ap aggregation [180]
organic inhibition
frameworks
(COFs)
MXene Nb,C nanosheets Chelate transition [181]

metal ions and
alleviate oxidative
stress

biosensors [53,54]. 2D nanomaterials such as GO has been used in
electrochemical detectors for the detection of Ap42 [55]. Moreover,
screen printed electrode (SPE) impregnated reduced GO-gold (Au)
nanowire nanocomposite has been applied for the detection of
miRNA-137, one of the biomarkers of AD [56]. Similarly, reduced gra-
phene oxide {(rGO)-AuNPs} has been employed in electrochemical
biosensors for the detection of Tau-441 [57].

In summation, it has always been emphasized that early diagnosis of
AD is pre-requisite. Nevertheless, current diagnostic methods using CSF
and imaging biomarkers are extremely costly and invasive as already
mentioned [58]. To this end, interestingly but not surprisingly, 2D
nanostructures represents prospective diagnostic agents for AD and
many labs have reported promising results as detailed below.

2.1. Graphene based nanostructures in diagnosis of AD

Graphene and graphene derivatives are the most widely exploited
nanomaterials in developing immunosensors for AD. Basically, it is a 2D
nanosheet of carbon atoms and finds wide applications due to its various
intriguing properties including large surface area, ease of functionali-
zation, high tensile strength, and good thermal and electrical conduc-
tivity. In fact, one of the most sought-after applications of graphene is
biosensor development [59].

GO, a graphene derivative, is a 2D single atomic layer of carbon
atoms arranged in a honeycomb lattice. It is a water-soluble graphene
derivative and is basically obtained by functionalizing graphene with
oxygen containing groups. This functionalization facilitates the
adsorption and desorption of molecules for improving sensitivity.
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Further, reduced GO (rGO), another derivatized GO, was first docu-
mented in electrochemical biosensors as an electrode modifier by Zhou
and group for DNA sensing [59,60] showing improved electrochemical
activity in comparison to graphite electrodes. Since then, various types
of biosensors, including AD biosensors, have integrated graphene and its
derivatives.

Interestingly, various accumulating evidence have highlighted the
potential of various GO dependent nanostructures for the diagnosis of
AD. It has been found that through n-n interactions and other in-
teractions, GO can adsorb AP monomers. Interestingly, graphene bio-
sensors can detect incredibly low concentrations of biomarkers [22] and
plausibly this is because the presence or lack of a few analyte molecules
will produce a detectable difference in the electrical properties of gra-
phene [61]. For the determination of beta-amyloid (Ap;_42) in plasma, a
research group delineated a label-free platform based on dual-layered
graphene and rGO. [62] Interestingly, a limit of detection (LOD) of
2.398 pM over a wide linear range from 11 pM to 55 nM, was achieved
for APy_42 biomarkers [24]. Further, a dual detection system to detect
serum miR-137, Azimzadeh et al., have delineated a high-sensitivity
electrochemical biosensor with Au nanowires (AuNWs) and rGO.
Intriguingly, their findings showed a linear spectrum of 5.0 to 750.0 fM
for identification with an LOD of 1.7 fM. Interestingly, this platform has
been able to distinguish non-specific analytes from the target analytes
and displayed strong identification in actual serum samples [56].

As a matter of fact, amyloid-beta oligomers (ABO) represent one of
the signature biomarkers related to AD [63,64]. To this end, Sun et al.
[65] developed gold NPs (AuNPs) and GO based electrochemical
hydrogel biosensors to track ApO. Interestingly, AuNPs and GO were
highly sensitive and selective for ABO and do not bind Af-monomers or
fibrils. Intriguingly, the soft graphene hydrogel electrode facilitates
quick movement of biomolecules into the electrode owing to high sur-
face area. Moreover, the shape and volume of hydrogel electrode can be
altered to adjust its conductivity [66]. Likewise, AuNPs have unique
plasmonic band, high extinction coefficient, and can be functionalized
with several biomolecules [67]. Basically, for the development of ABO
sensor platform, the cellular prion protein (PrPC) peptide was adsorbed
on to the built electrode. The intricate relation on the hydrogel electrode
between PrPC probes and ABO improved the electron transfer resistance.
For the detection of ABO, the biosensor displayed high precision. ABO
can be preferentially distinguished from amyloid beta (Ap) fibrils or
monomers. In addition, in artificial CSF or blood plasma, detection of
ABO (up to 0.1 pM) was highly sensitive. Interestingly but not surpris-
ingly, for ABO detection, the linear range from 0.1 pM - 10 nM was
achieved [65].

Further, another study employed GO as an electrode modifier for the
development of a RNA sensor platform especially for detection of
miRNA-34a, an AD biomarker. [68]. Firstly, they allowed reaction of
electrochemically triggered pencil graphite electrodes with ethyl-
carbodiimide hydrochloride/ N-hydroxysuccinimide (EDC/NHS) and
thereafter with GO to increase the electrode surface area and facilitate
miRNA immobilization, producing single GO sensors for use [59,68].
This solution offered an economical and user-friendly sensor system that
allows fewer chemical reagents to be used, both of which are essential
attributes for the device’s transferability. The miRNA-34a concentration
was calculated on phosphate buffer saline (PBS) by electrochemical
impedance spectroscopy (EIS), exhibiting LOD of 261.7 nM thereof.

As a matter of fact, neurotransmitters which are the endogenous
chemicals that enable communication among neurons, facilitate syn-
aptic and cognitive activity. It has been envisaged that the neurological
diseases (ND) such as AD have been attributed to small fluctuations in
neurotransmitters synthesis or release, so they have been suggested to be
appropriate biomarkers for the diagnosis and treatment of ND disorders.
Toyos-Rodriguez et al., and Shin et al. [59,69] recommended a biosensor
for the identification of dopamine (DA) for AD. They obtained a lower
LOD relative to preceding investigations that used Au or carbon-based
nanomaterials by employing an indium tin oxide (ITO) working



S. Tufail et al.

electrode modified with GO and silver nps, enhancing biosensing effi-
ciency at low levels of DA [70,71]. The electrochemical detection of DA
was achieved by direct detection by differential pulse voltammetry
(DPV), cyclic voltammetry (CV), and amperometry of the oxidation
phase of this molecule. Further, ascorbic acid (AA) and uric acid (UA)
have been used for biosensor selectivity assessment because they have
an oxidative propensity close to that of DA and other neurotransmitters
and are found at higher concentrations in blood samples [72]. Of note, at
0.2 puM stages, the biosensor showed a particular reaction to DA.

Park et al. [73] have also detected DA with a Au electrode amended
by a nanocomposite of rGO sheets and AuNPs. Because of their great
conductivity, rGO sheets were utilized to increase the sensitivity of the
biosensor, while AuNPs were integrated to improve electrocatalytic
activity. Interestingly selectivity was accomplished as rGO sheet elec-
trons appear to form bonds with benzene rings of the molecules like DA.
Nonetheless, other interfering entities with a structure analogy to DA,
such as AA, can however, influence the biosensor’s selectivity. For this
purpose, the assay was optimized at pH 7.4, wherein AA exists as an
anion and DA exists as a cation, thereby promoting DA’s electrostatic
contact with the surface of the electrode. Interestingly but not surpris-
ingly, DA was detected with a LOD of 0.098 uM at many fold higher
interfering concentration of AA. In analogy, Lee et al. [74] built a
biosensor using AuNPs and rGO as electrode modifiers to detect
norepinephrine (NE). NE is a neurotransmitter with monoamine that is
closely linked to neuronal disorders. The key downside of NE detection;
however, is its resemblance to UA and AA, as they have comparable
potential for electrochemical oxidation. Of note, NE detection with a
LOD of 200 nM was achieved by this biosensor even in environment
with many folds’ higher concentration of the interfering agents.

Further, a platform for the discernment of HyO, as a possible
biomarker of oxidative stress (OS) was developed by Wang and group
[75]. This platform was dependent on the usage of rGO functionalized
glass carbon electrode (GCE) blended with electrodeposition-generated
Au, Fe304 and platinum (Pt) nps. This electrode platform was placed in
cell culture media for in vitro detection of HoO5 as it was released by
cells under conditions of OS, triggered by the introduction of AA.
Without the need for enzymatic labels, the changes in HyO, was deter-
mined by CV, giving a LOD of 0.1 uM, which greatly decreased the study
time. As a matter of fact, the identification of HyO, is an important
method of tracking OS, which is of particular significance today, espe-
cially in the study of AD. Albeit, further research into the intricacies of
OS in AD clientele prior to the application of these platforms is in any
case necessary.

It has been envisaged that the measurement of the conformation
(monomer, oligomer, or fibril) of amyloid peptide aggregates would be
seemingly instrumental in the therapeutic intervention for AD. To this
end, systematic study of the amyloid conformation using analytical
methods is also important for the accurate quantification of the relative
quantities of the three amyloid peptide conformations. To this end,
Jeong et al. [76] developed a multiplexing biosensor based on rGO that
can be employed to track the relative quantities of the three different
amyloid p-40 (Ap-40) conformations. Interestingly, a multisensor
capable of independently detecting the different conformations in a
single fluid sample was reported. They demonstrated that their method
showcased robust analytical sensitivity at 1 pg/mL and a relatively
broad dynamic range spanning from 1 pg/mL to 10 ng/mL for each
AB-40 conformation. Different amyloid solutions including monomeric
Ap-40, aggregated Ap-40, and disaggregated Ap-40 solutions were used
to check if the rGO sensor system could be employed to determine the
relative quantities of these conformations. Notably, in each amyloid
solution, multiple patterns were found in the relative quantities of the
three conformations, suggesting that these intricacies could act as a
significant aspect in the clinics.

In addition, Devi et al. [23] developed an accurate and ultrasensitive
electrochemical immunosensor based on a  AuNPs/nickel
ferrite-decorated GO-CS nanocomposite (Au/NiFe204 @GO-Ch)
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modified GCE for determination of amyloid beta peptide (fA;_42) as an
efficient sensing medium. The combinatorial amalgam of highly
conductive NPs of Au and NiFe204 on 2D GO nanosheets offered an
outstanding platform. They immobilized BA antibody (Ab) onto the
surface of Au/NiFe204 @GO-Ch/GCE through carbodiimide chemistry
and developed a compact Au/NiFe204 @GO-Ch/GCE immunosensor.
Their findings indicated that the immunosensor selectively detected
BA1_42 and exhibited a broad linear detection range spanning 1 pg/mL to
1 ng mL'}, with a LOD as low as 3.0 pg/mL. In addition, by detecting
BA1_42 in CSF, the immunosensor also demonstrated its clinical viability.

Further, Nagare and Patil [77] fabricated surface plasmon resonance
(SPR) biosensor based on GO surface decorated chitosan (CS) for highly
selective and sensitive detection of AP; 4o In brief, they fabricated
AgNPs and GO via green technology approach. Thereafter, polystyrene
sulphonate (PSS) and CS were deposited on the surface of AgNPs
(AgNPs-CS-PSS-CS) to design layer-by-layer (LbL) assembly followed by
fixation of AB Abs onto the aforementioned structure resulting in an
platform viz. AgNPs-CS-PSS-CS@anti-Ap. Herein, it is pertinent to
mention that CS provides amine functionality that offers numerous sites
for coupling of anti-Ap Abs. Interestingly but not surprisingly, the range
of detection for Af; 45 was 2 fg/mL to 400 ng/mL, while LOD was found
to be 1.21 fg/mL.

In another study, Nagare and Patil [78] used GO based SPR biosensor
for the identification of Tau-441. To this end, GO was fabricated by
modified Hummer method, while the AuNPs were fabricated into LbL
design via cationic and anionic polyelectrolytes (GO@LbL-AuN-
Ps@Anti-Tau). Subsequently, immobilization of Anti-Tau rabbit Abs was
carried out using carbodiimide chemistry. Intriguingly, LOD for
Tau-441was found to be 13.25 fg/mL, while the range of detection was
observed in the range from 150 ng/mL to 5 fg/mL.

Further, Murillo et al., used SiO2 NPs to gauge the Tau protein in
serum samples using Interferometric Optical Detection Method (IODM)
integrated with an Fabry-Perot Interferometers (FIP) biotransducer
[79]. Interestingly, LOD for Tau protein was 10 pg/mL with a detection
range of 1 x 1072 ng/mL to 1 x 10° ng/mL.

2.2. Peptoid nanosheet in diagnosis of AD

It is envisaged that for the fabrication of 2D nanomaterials,
sequence-defined macromolecules including DNAs, peptides, proteins,
and peptoids have been employed recently as specific building blocks [7,
58,80,81]. These types of 2D nanomaterials offer the prospects of high
selectivity and simple surface tunability owing to the sequence-specific
molecular recognition inherent to these functional constituents. In
addition, due to the huge disparities in the physical and chemical at-
tributes of their parental constituents, they show distinct characteristics.
Especially important amongst these sequence-defined 2D nanomaterials
are those fabricated from peptoids since they are highly stable and
immensely tunable.

Of note, 2D peptoid-assembled nanomaterials are a category of
newly formed 2D material that has unique and attractive characteristics.
Peptoids are synthetic sequence-defined molecules that resemble both
peptides and proteins in their structure and function and amalgamate
the properties of synthetic polymers and bio-polymers [82,83]. Inter-
estingly, they can be synthesized cheaply and conveniently and have
great variety in side-chains. In addition, peptoids are bio-compatible and
demonstrate great potential for molecular recognition like proteins.
Furthermore, they have high thermal and chemical stability, unlike
peptides and proteins, and deliver the special simplicity of self-assembly
and tuning functions since they lack inter- and intra-molecular hydrogen
backbone bonds [84,85]. Therefore, the structures obtained from pep-
toids are easily synthesized and exhibit greater chemical and thermal
stability compared to other forms of sequence-defined 2D nano-
materials, and their surface chemistry and internal core can be more
readily customized by altering the chemistry of peptoid side chains [1,
14]. These properties of peptoid-assembled nanomaterials make them a
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suitable candidate for development of biosensor.

Interestingly, several reports suggest peptoid-based biosensors can
be promising in designing AD diagnostics. To this end, Zhu et al
developed Ab mimetic self-assembling peptoid nanosheet for label-free
serum-based diagnosis of AD [58]. The Ab mimetic peptoid nano-
sheets were functionalized with Af45 recognizing surface exposed ADP3
loops. Interestingly, the loops owing to their high affinity for serum AB42
were capable of detecting AD sera with high sensitivity. The peptoid
nanosystem offered a scaffold, wherein the loops act as recognition
probes by mimicking the architecture of Abs eliminating non-specific
binding. Intriguingly, this 2D Ab-mimetic platform has shown great
promise for blood-based diagnosis of AD and also opens avenues for
designing alternative engineering of Abs and sensor development.

Further, Gao et al. [20] also exploited peptoid nanosheets fitted with
Ap4o recognizing loops (ADP3) for developing a label-free assay using
the high-throughput SPR imaging (SPRi) system. The loops were
autonomously organized, resulting in the formation of peptoid nano-
system featuring surface exposed functional ADP3 loops. This nanosheet
based biosensor system, in addition to carrying AP4o recognizing loops,
was linked to high throughput SPRi system for detecting plasma and sera
of amnestic mild cognitive impairment (aMCI) and AD patients. Inter-
estingly, this nanosheet-based sensor system has been shown to effec-
tively differentiate samples from normal group and AD and amnestic
MCI clienteles. This differentiation precedes the diagnostic success
achieved using the Ap4o-recognizing molecule and the Af4>-specific Ab,
attributed to the analysis of varying amounts of APs through SPRi.
Therefore, it is justifiable to assert that this study provided early diag-
nosis of AD with a label-free, economical, exceptionally sensitive, and
efficient blood-based test.

2.3. WS; nanosheet in diagnosis of AD

Transition metal dichalcogenides (TMDs) are an evolving group of
layered nanomaterials that are highly dependent on structure and
dimension in terms of their physicochemical properties [47,86-88]. By
downsizing the number of layers to monolayers, the characteristics be-
haviours of the TMDs can be modulated, which makes them intriguing
nanomaterials for use in different fields of study [89-94]. Interestingly,
owing to their large surface areas, high surface reactivity, and solid
Raman scattering signals, thin TMD nano-system have been employed as
diagnostic and therapeutic materials for biological and medical appli-
cations [95-99]. As a matter of fact, WS has been extensively used as a
sensing material in fluorescent, electrochemical, photoelectrochemical,
and SPR sensing platforms for the identification of molecules, metal ions
and contaminants [47,100-105]. To detect DNA, microRNA, nuclease,
and DNA glycosylases, biosensors focused on the interaction between
single-stranded DNA (ssDNA) and WS, nanosheet have been manufac-
tured [80,106-110]. In particular, in the forster resonance energy
transfer (FRET)-based assays, TMD nanosheets, like WS,, have shown
high potential as a fluorescence quencher enabling rapid, swift, and
specific detection of oligonucleotides [47]. Interestingly, the weak
vander waals forces adsorb a dye-labelled ss DNA, contributing to
fluorescence quenching, whilst a double-stranded DNA (dsDNA) is more
likely to detach from the TMD nanosheets surfaces, that eventually
causes the quenched fluorescence being restored.

Further, Kim et al. [47] reported modulation of WSy nanosheet
interface by liquid-phase exfoliation and non-covalent functionalization
with four different dextran polymers for the fluorescence-based deter-
mination of miR-29a, the microRNAs corresponding to the toxic Ap
peptides formation. Using the various interfaces of the WS2 nanosheets,
the adsorption kinetics of a fluorescein labelled ssDNA (FAM-DNA)
probe and the desorption kinetics of the FAM-DNA duplex with a target
miR-29a were thereafter studied. The modulation of WS, interface
produced alterations in thermodynamics attributes of the FAM-DNA
probe. Of note, the WS nanosheet-dependent FRET system was devel-
oped to specifically gauge the miR-29a; interestingly, this was achieved
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by leveraging insights into the effects of device engineering processes.
As a matter of fact, p-secretase (BACE1) is an important drug target
for AD therapy. To this end, Zuo et al. [80] delineated a simple and
sensitive fluorescence biosensing system using WSy nanosheets for
BACE1 detection. With a detection limit of 66 pM for BACE1, the pro-
posed WS, nanosheet-based platform demonstrated superior specificity
and high sensitivity. This biosensing platform can also be used for drug
screening; and could be readily expanded by adjusting the peptide
substrate sequence to identify various other proteases, including the
detection of protease inhibitors. since the WS, nanosheet will serve as a
common energy acceptor for various types of fluorescent dyes.

2.4. MXene 2D nanomaterial in diagnosis of AD

MXene is a 2D material composed of early transition metal carbides,
carbonitrides and nitrides fabricated through the processing of elements
from the MAX phases (M = Ti, V, Nb; A = the IIA and IVA elements;
X =N and/or C). These systems are simple to produce and possess
strong electrical, optical, mechanical and plasmonic properties [59,
111]. Interestingly, Ozcan et al. designed an intriguing platform for the
identification of Ap protein employing a mixture of delaminated tita-
nium carbamide MXene (d-Ti3C2TxMXene) and multi-walled carbon
nanotubes (MWCNTSs) composite with polymers [112]. Basically,
D-Ti3C2TxMXene was paired with MWCNTs in order to quench MXene
from being aggregated. Finally, Ap protein was imprinted on this plat-
form and successfully utilized for the detection of the Ap proteins in the
biological fluid. Interestingly, these MXene 2D nanomaterials are
increasingly explored for biosensor applications.

In summation, all these studies have highlighted the prospective
potentials of 2D nanomaterials in the diagnosis of AD. However, it is also
equally important that even though 2D nanostructures-based biosensors
offer various advantages. Nevertheless, there are several challenges still
exist that halt further development of biosensors and their application
on large scale.

3. 2D nanostructures in treatment of Alzheimer’s disease

As a matter of fact, protein aggregation has gained considerable in-
terest in recent decades, owing to its strong correlation with several ND
disorders including AD, Huntington’s, and Parkinson’s diseases
[113-115]. Of note, amyloid fibrils, which represent the ultimate
outcome of protein aggregation, exhibit a core structure characterized
by cross-p configuration, featuring both vertical and inter-strand
hydrogen bonds formed by p-strands aligned in parallel with the fibril
axis [116]. Basically, after fibril nucleus formation, it rapidly grows into
insoluble fibrils. The most cytotoxic species is commonly thought to be
the B-sheet-rich oligomer [117,118]. There are no appropriate medica-
tions for the cure of AD so far. In order to identify successful therapeutic
methods, researchers have made considerable strides to explore protein
aggregation process. Different therapeutic methods have been put out
and carried out so far to research the integration or disassembly of
amyloid aggregates by regulating their molecular configurations and
bonding interactions. Experimental studies have shown that nps
including carbon nps, Au nps and polymer nps, small molecules, Abs,
and proteins/peptides can prevent Af aggregation and/or target/dis-
sociate Af} aggregates [113,119-127]. Recently, 2D nanomaterials have
garnered increasing attention as possible AD therapeutic because they
have been found to either target the A aggregation process, inhibit the
synthesis of toxic oligomers and/or disrupt the amyloid fibrils. In the
following sections, we have provided a glimpse of various 2D nano-
materials in the treatment of AD.

3.1. Graphene based nanostructures in treatment of AD

Graphene oxide (GO) has drawn considerable interest due to its good
biocompatibility, high solubility and dispersibility, and low cytotoxicity
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as discussed in the aforementioned sections [113]. There have been
several laboratories that have shown that graphene and its derivatives
have displayed tremendous prospects for the therapeutic intervention of
AD, considering the above-mentioned excellent properties of graphene.
For instance, Mahmoudi et al. [128] highlighted that the Ap fibrilliza-
tion process can be slowed by GO and protein-coated GO. Of note, the
wide surface area of GO sheets was shown to block the process of Af
fibrillation through amyloid monomer adsorption. Moreover, Yang et al.
[129] found that not only GO suppress APy 49 fibrillization, but also
effectively eliminates the advanced amyloid fibrils. Furthermore, Li and
group highlighted that GO would interact with the aggregation mech-
anism of the AP33_42, leading to considerably small fibrils in the presence
of GO relative to long and intricately intertwined fibrils in the control.
[130] Their additional research [131] found that GO shows a significant
attenuation effect on the aggregation of AB33 4o. Further, they envisaged
the impact of various shapes of carbon nps and GO on the aggregation of
AP33_42 [132] and found that GO nanosheets, accompanied by nano-
tubes and nanodots, had the greatest inhibitory effect. Additionally,
another study showed that GO can not only effectively attenuate the
aggregation of ABy_42, but also reduces the toxicity issues of A [133].
Interestingly, this experimental evidence GO exerts a substantial
inhibitory impact on the aggregation of both Ap33_42 fragments and the
full-length Ap protein. Computationalists are increasingly focusing on
the physical connections between GO and Ap, inspired by these exper-
imental works. Interestingly, Baweja et al. [134] used brief time-scale
MD simulations to explore the influence of GO on the alpha-helix of
the AB;_490 monomer. Interestingly, their calculations revealed that the
alpha-helix structure can partly be unfolded by GO. Additionally,
another report stated that pristine graphenes seemingly interrupt the
protofibrils of AB1g 22 [129]. They reported that GO can break mature
amyloid fibrils into pieces and clear them off. Nevertheless, the under-
lying mechanism that underscores GO mediated inhibition of Ap fibril-
lization; however, still remains incompletely understood.

Chen et al. [113] explored the association of GO on the accumulation
of four APss3 42 peptide in an attempt to elucidate the mechanism un-
derlying the inhibition of Ap aggregation by GO. They explored Afss 42
oligomerization through molecular dynamics (MD) simulations of
replica exchange on four ABss 45 peptides, in the presence and absence
of two separate GO sizes. Their simulations showed that isolated ABss3 42
can form expanded p-sheets and barrel-like structures of fibril; none-
theless, it was suppressed with GO nanosheets. They showed that GO
seemingly prevents APss 45 oligomerization by having ABs3 42 peptides
isolated from each other. GO120 showed a greater inhibitory effect with
the same carbon atoms and oxidation groups than GOg( by having a
greater effective touch surface area. Collectively, this research seem-
ingly sheds light on the underlying molecular intricacies associated with
GO’s mediated attenuation of the aggregation of APss 42.

In addition, Li et al. [135] used GO for photothermal treatment of
AD. High optical absorption of graphene within the near infrared region
(NIR) region makes it a suitable candidate for photothermal therapy. Li
et al. observed that amyloid deposits can be effectively dissociated using
thioflavin-modified GO with NIR laser irradiation. However, the intri-
cate dynamic process and the underlying molecular mechanisms
responsible for the disassociation and elimination of pre-formed Ap
aggregates induced by graphene could not be fully elucidated.

Qing et al. [136] and Zhang et al. [137] wused Cys
enantiomorph-modified GO to inhibit AB;_4¢ fiber elongation, nucle-
ation, and adsorption processes. Interestingly, they reported that
R-cysteine modulation in addition to preventing the development of
amyloid fibril, also significantly influenced the transition of Af;_4 from
alpha-helix to p-sheet conformation. GO sheets were able to consider-
ably slow and suppress the amyloid p fibrillation phase by adsorbing
amyloid monomers. Moreover, another group engineered a novel plat-
form by conjugating neuroprotective peptide with graphene quantum
dots (GQDG). [138] Interestingly, they reported that GQDG was capable
of inhibiting the aggregation of Ap (1—42), protecting the synapse and
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fostering neurogenesis, thereby contributing to improving the capacity
for learning and memory. Further, Nedumpully-Govindan et al. [139]
used discrete MD simulations to research the relationship between ag-
gregates of human islet amyloid polypeptide (hIAPP) and GO. Their
findings revealed that GO was able to prevent hIAPP aggregation.
Hydrogen bonds and aromatic stacking have also been shown to drive
the potential binding of hIAPP to GO nanosheets; and peptide-GO
binding realistically blocked hIAPP’s self-association and aggregation
on the nanosheet surface [140].

Moreover, Zhang et al. [137] studied the intricacies of mature Ap
amyloid fibrils and graphene sheets by atomistic simulation. They
showed that interaction of GO sheets with amyloid fibrils caused sec-
ondary structure damage in them seemingly because of adsorption of
these fibrils onto GO nanosheets. Self-association and aggregation of
amyloid fibrils was inhibited upon interaction with GO sheets because
the hydrophobic interactions like van der Waals forces which are used
for fibril self-aggregation start to be exploited for adsorption of fibrils on
graphene sheets instead. Graphene nanosheets were found to effectively
decompose preformed amyloid aggregates. Interestingly, their study
provides structural analysis to better understand the mechanism of as-
sociation between graphene and protein aggregates and may help devise
superior nanotherapeutics for AD.

3.2. WSz nanosheet in treatment of AD

As discussed earlier, amyloid-p peptide (AB) polymerization into
amyloid fibrils is a crucial stage in AD pathogenesis. Ap aggregation
inhibition and Ap preformed fibril destabilization have promising results
against AD and have been used in clinical trials. In order to efficiently
prevent Af aggregation and dissociation of preformed Af aggregates
using NIR irradiation, Li et al. [141] have shown the application of WS,
nanosheets. WS, nanosheets are biocompatible and are superior to most
previously documented A inhibitors owing to their potential to breach
the BBB. Van der Waals forces and electrostatic interactions facilitate
adsorption of AB40 on WS2 nanosheets, preventing AB40 aggregation
process. WSy’s peculiar strong NIR absorption property allows the
breakdown of amyloid aggregates upon NIR irradiation. The hyper-
thermic effects of WS, nanosheets are important and beneficial in bio-
logical applications and development of multifunctional nanomaterials
for the treatment of AD.

3.3. Black phosphorus nanosheets in treatment of AD

Being 2D semiconductor nanostructure analogue, black phosphorous
(BP) is useful in numerous fields, including biomedicine, catalysis, op-
toelectronics, and energetics [142,143]. BP nanosheets are composed of
phosphorous atoms which being negatively charged have high affinity
towards metal ions [144-146]. Therefore, BP nanosheets also have high
binding capacity for metal ions and hence act as efficient nanocaptor for
them. Moreover, BP nanosheets also exhibit excellent photothermal and
hyperthermic effect under NIR radiation. Considering these properties of
BP nanosheets, Chen et al. [142] designed a neuroprotective nano-
medicine against neurological disorders including AD using BP nano-
sheets. They found that among the typical metal ions (such as Ca®",
Mg?*, Fe", Fe**, and Zn?") present in humans, BP nanosheets selec-
tively bind to Cu?*. BP nanosheets also serve as an antioxidant to
decrease the cytotoxic reactive oxygen species (ROS) generation asso-
ciated with Cu?* dyshomeostasis. BP suffers from some drawbacks
including low functionability, and quick degradation that have been
reduced by Yang et al., [147] via coupling of an Ap inhibitor (LK7) and
stabilization with PEG (PEG-LK7 @BP). These nanosheets exhibited
augmented Af inhibition that could reduce the manifestations of AD.
Similarly, Lim et al., [148] prepared titanium ligand modified BP (TiL4
@BP) nanosheets that inhibited the formation of Af4 fibrils via
adsorption of Ap40 monomers. The TiL4 @BP prevented the elongation
of fibrils that contributed to the attenuation of AD.
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Chen et al. give evidence by in vitro and in vivo experiments that
permeability of BP nanosheets to cross BBB is enhanced through the
photothermal effect, which makes them superior to other drug mole-
cules, small chemicals or peptides that are unable to cross the BBB. The
increased permeability of BP nanosheets improves the drug efficacy.
Moreover, the high durability and exceptional biocompatibility of BP
nanosheets provide ND therapy with outstanding biosafety. These
intriguing functions make BP nanosheets a potential therapeutic choice
for ND to control Cu®>" concentrations and reduce symptoms associated
with oxidative stress.

3.4. Chitosan based nanofilm in treatment of AD

CS is a natural substance and exists as a non-branched unit con-
taining glucose polysaccharide. CS is extensively explored in drug de-
livery models because of its superior biodegradability, biocompatibility,
and low immunogenicity actions. The antimicrobial action of chitin and
CS against species such as bacteria, yeasts and fungi has been observed
[149,150]. It has been envisaged that the polycationic and electrostatic
stacking design of CS facilitates its interaction with the bacterial cell and
results in its bio-efficacy. For efficient oral drug delivery, various PEG
stabilized multifactorial systems of CS with other molecular assembles
have been reported [149]. Further, various nanostructures have been
designed using CS, including nps, nanofibres and nanofilms with varied
functionalities. CS nps have been used for various drug delivery pur-
poses; nevertheless, recently, various other functions of CS nanofibers
and nanofilms have being increasingly explored. CS nanofibers have
many benefits including high porosity and a high volume-to-surface
ratio that increases the loading potential for the easy loading of drugs
into nanofibers. Generally, thin films are capable of increasing the
initiation of drug action, reducing the frequency of doses, and enhancing
medication effectiveness. Thin films are also effective in removing the
drug’s side effects and reducing the substantial proteolytic
enzyme-induced degradation. Therefore, scientific fraternity is inclined
to develop CS thin films and exploit it for various biomedical uses.
Development of drug-loaded CS thin films have been reported and
demonstrated mucoadhesive property that facilitated release of the drug
within the buccal mucosa [151]. The promising results of CS nanofilms
have persuaded scientists to examine it in various other diseases
including AD. To this end, Reddy et al. [149] has developed CS nano-
films, loaded with donepezil drug and evaluated their potential for
treatment of AD. Interestingly, CS nanofilms released donepezil in a
sustained manner and thereby exhibited prospective potential to
become a therapeutic for AD.

3.5. Graphitic carbon nitride nanosheet in treatment of AD

Graphitic carbon nitride (g-C3Ny4) is the most stable carbon nitride
allotrope under atmospheric conditions and owing to its intriguing
semiconductor properties, has drawn considerable interest [152-161].
Recently, in bioimaging applications, 2D ultra-thin g-C3N4 nanosheets
with a higher surface area-to-volume ratio have been used as fluo-
rosensors due to their strong fluorescence, intriguing biocompatibility,
and non-toxic properties [162,163].

The surface functionalities of g-C3Ny4, i.e. NHy/-NH-/=N-, have
recently been shown to be well-characterized ligands displaying high
adsorption potential for metal ions [152,153]. An interesting platform
consisting of platinum(II)- g-C3N4 nanosheet (g-C3N4 @Pt) was devel-
oped by Li and group [153]. This system potentially binds Af and
thereby interfere with their aggregation process and thus attenuates the
toxicity issues of the peptide aggregates. Additionally, they found that
g-C3N4 @Pt nanosheets have strong photocatalytic properties and can
oxygenate AP with visible light irradiation, which greatly attenuates
both Ap’s aggregation strength and eventually neurotoxicity thereof.

Lietal. [153] further reported that the g-C3N4 nanosheet can serve as
a nanochelator to considerably attenuate the AP aggregation and
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disintegrate the preformed Ap-Cu?* aggregates. In clinical trials for AD
treatment, metal-ion chelation therapy has been employed. In this
context, g-C3N4 nanosheets employed as Af inhibitors for AD treatment,
demonstrating the capability to coordinate Cu?" ions. Interestingly, the
g-C3N4 nanosheets can considerably attenuate the production of Af
aggregates, disintegrate the preformed AB-Cu?' aggregates, minimize
oxidative stress and shield the cells from the toxicities associated with
Ap.

Further, as a matter of fact, protein misfolding leads to the formation
of fibrils, oligomers, and Ap plaques that culminates in AD. Therefore,
modulation of Ap peptide aggregates could be a strategy for the treat-
ment of AD. To this end, Wang et al., [164] fabricated g-C3N4/GO based
2D materials for the irreversible disaggregation of Ap fibrils following
UV irradiation. By using advanced analytical techniques, they found that
g-C3N4/GO effectively resulted in disaggregation of Af33 42.

3.6. Molybdenum disulfide-quantum dots treatment of AD

Several studies have focused on the treatment of AD by eliminating
AP by nanoparticle affinity, however, instead of neurons the nano-
particles are taken by microglia, leading to poor AD control. In order to
resolve the issue, Ren et al., [165] formulated nanozymes based on
triphenyl-phosphonium bromide-molybdenum disulfide quantum dots
(TPP-MoS2 QDs). These quantum dots after crossing the BBB, ameliorate
neuroinflammation, escape the lysosomes, target mitochondria, and
eliminate Af aggregates, thereby helping to alleviate AD.

3.7. Hexagonal boron nitride in treatment of AD

Boron nitride (BN) is a synthetic compound having layered lattice
structure, good insulator, lubricant, resistant to oxidation and chem-
icals, and excellent thermoelectric properties [166-169]. BN has
different crystal structure at different temperature and pressure
including hexagonal, cubic, rhombic, and wurstitic. Among these, hex-
agonal boron nitride (h-BN) is the most stable form at room temperature
[170,171]. It has been demonstrated that the h-BN NPs exert cytopro-
tective activity against Ap;_43 induced AD model by several mechanisms
including attenuation of oxidative stress [172], reduction of necrosi-
s/apoptosis [173,174] and anti-inflammatory effect [175]. Ayden et al.,
studied the effects of various concentrations of h-BN against AP 42
induced neurotoxicity. They concluded that h-BN attenuates Af-induced
neurotoxicity via decreasing necrosis and apoptosis, suppression of
epidermal growth factor receptor (EGFR), Tumor necrosis factor alpha
(TNF-a), and activated brain-derived neurotrophic factor (BDNF) [176].

3.8. Covalent organic frameworks (COFs) in treatment of AD

These are highly biocompatible newer generation nps containing
carbon, nitrogen, and oxygen [177]. Being porous covalent organic
materials, they find application for therapeutic intervention of AD [178,
179]. Owing to their highly tunable structure, the 2D-COFs can cross
BBB and inhibit Ap aggregation. Interestingly, it has been found via
molecular modelling and simulation studies that 2D-COFs impregnated
with amine moieties inhibits Ap aggregation [180].

3.9. MXenes in treatment of AD

Transition metal dyshomeostasis is one of key factor for the aggre-
gation of AP peptides. Excess transition metal ions (particularly Cu®")
trigger oxidative stress, neuroinflammation, and apoptosis of neurons.
Therefore, Du et al., designed a chelating agent based on 2D niobium
carbide (NbyC) for the inhibition of Cu** induced oxidative stress, and
AD [181]. Likewise, Jian et al., devised vanadium carbide (V,C) based
2D MXenes and demonstrated that these 2D MXenes inhibit 4-hydroxy-
nonenal, an oxidative stress biomarker. In addition, they found the
upregulation of tyrosine hydroxylase (TH), and the downregulation of
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ionized calcium binding adapter molecule 1 (Iba-1) after administration
of VyC-based 2D MXenes, that resulted in the inhibition of neuro-
inflammation, and improved synthesis of dopamine, thus helping to
eliminate AD [182].

Collectively, all these studies have highlighted the prospective po-
tentials of 2D nanomaterials in AD. There is great enthusiasm in the 2D
nanomaterial research fraternity that these materials will certainly help
in fight against various debilitating including AD. At this moment time,
it is also equally important to argue that despite the extensive pre-
clinical studies on 2D nanomaterials, there is still scarcity of clinical
studies [183]. It is envisaged that the 2D platforms discussed in this
review may offer a blueprint for the creation of new multifactorial
nanomaterials employed for the therapeutic intervention of AD.

4. Conclusions

The prevalence of AD is rising every day and the social and economic
burden associated with this debilitating condition is increasing. Early
diagnosis and timely therapeutic intervention are of utmost importance.
2D nanomaterials have been examined as possible diagnostic and ther-
apeutic platforms. Albeit, accumulating evidence demonstrate that these
2D nanomaterials are intriguing contenders for emerging biomedical
applications. Nonetheless, still there remains many challenges to be
addressed to pave their way to clinical trials; as more and more is
gleaned about their intricacies; they will be highly instrumental in
revolutionizing the field of biomedical applications against disease
which have long been recognised as untreatable. In fact, the pursuit of
fascinating studies like those mentioned above are crucial in the realm of
early diagnosis for this debilitating and incurable disorder.
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