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Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by cognitive decline
and memory loss. Conventional diagnostic methods, such as neuroimaging and cerebrospinal fluid
analysis, typically detect AD at advanced stages, limiting the efficacy of therapeutic interventions. Early
detection is crucial for improving patient condition by enabling timely administration of treatments that
may decelerate disease progression. In this context, single-atom catalysts (SACs) and single-atom
nanozymes (SAzymes) have emerged as promising tools offering highly sensitive and selective detection
of Alzheimer's biomarkers. SACs, consisting of isolated metal atoms on a support surface, deliver
unparalleled atomic efficiency, increased reactivity, and reduced operational costs, although certain
challenges in terms of stability, aggregation, and other factors persist. The advent of SAzymes, which
integrate SACs with natural metalloprotease catalysts, has further advanced this field by enabling
controlled electronic exchange, synergistic productivity, and enhanced biosafety. Particularly, M—N-C

Received 13th June 2024, SACs with M—=N, active sites mimic the selectivity and sensitivity of natural metalloenzymes, providing a

Accepted 2nd September 2024 robust platform for early detection of AD. This review encompasses the advancements in SACs and
SAzymes, highlighting their pivotal role in bridging the gap between conventional enzymes and nano-
zyme and offering enhanced catalytic efficiency, controlled electron transfer, and improved biosafety for

Alzheimer's detection.
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enhance catalytic activity by increasing the surface area available
for reactions. As catalysts are reduced to the nanoscale, their

1. Introduction

Catalysis is a fundamental process that accelerates chemical
reactions by reducing activation energy, with the catalyst itself
remaining unchanged. In this regard, heterogeneous catalysts
have gained more interest."® In heterogeneous catalysis, the
catalyst and reactants are in different phases with multiple
active sites, often with solid catalysts facilitating reactions in
liquid or gaseous environments. This phase separation is
particularly advantageous in industrial applications as it sim-
plifies the recovery and reuse of the catalyst.” Compared with
conventional catalysts, where many atoms remain inactive
within the bulk material, nanocatalysts® represent a significant
advancement, operating at the nanoscale (particles with a size
typically below 100 nm) and offering enhanced properties due
to their large surface area and unique quantum effects. Further
downsizing of nanocatalysts has emerged as a strategy to
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efficiency is significantly improved owing to the larger proportion
of atoms exposed on the surface. This approach has culminated
in the development of single-atom catalysts (SACs), where indivi-
dual metal atoms are dispersed on a support material."*™"?
Single-atom catalysts (SACs) mark a significant advance-
ment in heterogeneous catalysis,"*® primarily due to their
ability to achieve maximized atomic efficiency. Unlike conven-
tional catalysts, SACs ensure that each metal atom is fully
exposed and actively participates in the catalytic process. This
increased atomic utilization not only enhances catalytic activity
but also significantly reduces the number of precious metals
required, making SACs both cost-effective and resource-
efficient.”®**' One of the defining features of SACs is their
distinct electronic structure. The isolation of individual metal
atoms creates unique electronic configurations, leading to
enhanced reactivity and selectivity. This allows SACs to interact
more effectively with biomolecules, facilitating more efficient
catalytic processes. Moreover, the interaction between single
metal atoms and the support material, such as graphene or
metal oxides, is critical in shaping the catalytic behaviour of
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SACs.”>?* These metal-support interactions can generate new
active sites that are absent in bulk catalysts, further boosting the
catalytic performance. SACs also exhibit high thermal stability, a
key attribute for their application in high-temperature industrial
processes. The incorporation of heteroatoms, such as nitrogen,
sulfur, or oxygen, into the support structure can significantly
modulate the electronic environment around the single metal
atoms, offering tuneable catalytic properties that can be tailored
for the pathological conditions of biosystems.>*>

Building on the concept of SACs, single-atom catalysts
have been adapted into SAzymes,*® which were designed to
mimic the high specificity and efficiency of natural enzymes.>”
SAzymes combine the reactivity of single atoms with the
selectivity and substrate recognition capabilities of natural
enzymes.”® This combo (SAzymes) bridges the gap between
natural enzymes and nanozymes and serves as a new frontier
in the biomedical field.***® SAzymes offer controlled electronic
transfer, unique catalytic pathways, greater catalytic efficiency
(10-100 times better than nanozymes), versatile catalytic selec-
tivity, and biosafety for sophisticated practical applications in
bacterial disinfectant applications, wound healing, biosensing,
organic pollutants degradation, tumour therapy, Alzheimer’s
therapy, and many more.>'* Recently, M-N-C SACs (M = Fe,
Au, Co, Ru, Rh, Pd, Ir, etc.) with M-N,, active sites have gained
more attention as their electronic, structural, and chemical
properties are related more closely to natural metalloenzymes,
such as oxyhaemoglobin, cytochrome-P,5, enzymes, and horse-
radish peroxidase. They are more selective and sensitive than
nanozymes. They possess unique active sites for both homo-
genous and heterogenous catalysis, and their structure-activity
relationships can be interpreted from DFT calculations.****

SACs and SAzymes have been widely used in various fields
over the years of their development, as discussed in Table 1.
One of the most compelling applications of SACs and SAzymes
is in the detection and treatment of neurodegenerative dis-
eases, such as Alzheimer’s disease. Alzheimer’s disease (AD),
characterized by the accumulation of amyloid-beta plaques and
neurofibrillary tangles, is a complex condition with a multi-
factorial aetiology.*®*” Traditional diagnostic and therapeutic
approaches have had limited success, necessitating the explora-
tion of novel strategies. SACs and SAzymes offer the potential
for highly sensitive detection methods The enzyme-like beha-
viour of SAzymes, coupled with the precise control over their
active sites, could significantly improve the early detection and
management of Alzheimer’s disease. This application high-
lights the potential of nanotechnology and catalysis to address
critical challenges in medical diagnostics.**™**

Table 1 illustrates the details of some reported single-atom
catalysts (SACs) and single-atom nanozymes (SANs), utilizing
metals like Au, Pt, Fe, and Cu, which are advanced materials
with diverse applications, including for Alzheimer’s disease
detection. These have been synthesized through methods like
pyrolysis and solvothermal processes, resulting in diverse
structures from core-shell configurations to atomically dis-
persed sites. These materials exhibit enzymatic activities, such
as oxidase, peroxidase, and Fenton-like reactions, which are
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crucial for enhancing biosensing and therapeutic applications.
For Alzheimer’s detection, SACs like FeNCP/NW and Fe-N,
SANs have demonstrated high sensitivity, with detection limits
of 0.96 uM and 0.88 pg mL " for key biomarkers, respectively.
Their advantages include high selectivity and cost effectiveness,
although certain challenges, like a low metal loading and
stability, persist. Despite these issues, SACs and SANs represent
promising tools for improving early diagnosis and intervention
in Alzheimer’s disease.

2. Synthesis strategies of SACs

Synthesizing single-atom catalysts (SACs) with a high degree of
atomic dispersion is challenging due to the great surface energy,
which induces metal atom aggregation. The single atoms within
these catalysts also tend to aggregate during catalytic processes.
Consequently, establishing robust coordination environments is
essential to stabilize these single-atom sites, ensuring elevated metal
loading capacity, activity, and durability in catalytic applications.
Some commonly used techniques for the synthesis of SACs reported
so far include pyrolysis,”**® wet chemistry approaches,”®”> atomic
layer deposition,”*”* and the mass-selected soft-landing method.”>””
Among the various synthetic approaches for SACs, the focus has
grown on the utilization of oxygen-deficient supports to anchor
individual metal atoms, as an elevated density of active sites can
be achieved with selectively controlled chemical reactions as well as
stability.”®”°

The current challenge with techniques such as co-precipitation,
ion exchange, impregnation, and hydrothermal treatment is their
scalability. However, when these techniques are scaled up, the
consistent transfer of mass and heat becomes an issue, often
leading to uneven localized concentrations. This unevenness tends
to cause agglomeration, where noble metal components cluster
together.*>®" Another concern arises from selective leaching, such
as when employing a NaCN solution to eliminate nanoparticles
while keeping intact the isolated metal ions anchored to the
support and in template assistance when initially using zeolites
as templates and subsequently removing them with a concentrated
acidic solution, which generates substantial volumes of liquid
waste, thereby raising environmental toxicity. Also, producing SACs
is generally expensive and has low production efficiency.®*

3. Chemical stability of SACs

In recent years, there has been growing interest in the use of
noble metals that are dispersed at the atomic level on solid
oxide supports in the field of heterogeneous catalysis.®* Achieving
the highest possible atom efficiency is a primary objective, and
the stability of SACs plays a crucial role in this pursuit. One
significant challenge often encountered is the limited stability of
these supported single atoms when exposed to operating condi-
tions, primarily because the metal atoms in SACs tend to be
undercoordinated. To create well-defined SACs, researchers typi-
cally employ a low metal loading on a substrate. Increasing the
amount of metal loaded onto the substrate often leads to the
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Fig.1 The development of SACs and SAzymes over the years in various fields of applications.

reduced stability of atomically dispersed atoms when exposed to
high temperatures. Consequently, achieving stable SACs at metal
loadings suitable for practical applications is a challenging
task.84_86

Initially, Wu et al. in 2022,%” chose Ni-SAC as a representa-
tive model to illustrate our approach for fabricating M-SACs
with adjustable mesoporous architectures. The synthesis of Ni-
SAC involved a three-step procedure (depicted in Fig. 1a(i)).
First, various SiO, hard templates, such as SiO, nanoparticles
(SiO,-NPs), Santa Barbara Amorphous-15 (SBA-15), or Mobil
Composition of Matter no. 48 (MCM-48), were introduced into
an aqueous solution containing NiCl, and o-phenylenediamine
(oPD). Subsequently, ammonium peroxydisulfate ((NH,),S,Os)
was utilized to complete the polymerization of oPD, resulting in
the formation of Ni-PoPD-SiO, composites. Finally, the com-
posites underwent pyrolysis, followed by NaOH and H,SO,
etching steps, yielding three distinct types of Ni-SACs: Ni-SAC/
SiO,-NPs, Ni-SAC/SBA-15, and Ni-SAC/MCM-48. Although we
anticipated similar Ni atomic arrangements, the utilization of
different hard templates led to varying microscopic architec-
tures and mass diffusion behaviours in the resulting Ni-SACs,
as illustrated in Fig. 1a(ii), (iii).

Another method was reported by Fan et al. in 2016,°° whose
group worked on the synthesis and characterization of an A-Ni-
C catalyst, which allowed obtaining well-dispersed Ni metal
within a graphitized carbon matrix using an electrochemical
corrosion process. Initially, a Ni-based metal-organic frame-
work (Ni-MOF) served as the precursor (Fig. 1b). Subsequent to
carbonization at 700 °C in a nitrogen (N,) atmosphere, Ni
nanoparticles encapsulated within graphene layers (Ni@C) were
generated. To remove excess Ni metal, a hydrochloric acid (HCI)
leaching treatment was employed, resulting in HCI-Ni@C. Fol-
lowing the HCI treatment, hollow onion-like carbon nanoshells
remained, accompanied by residual Ni nanoparticles protected

10472 | J Mater. Chem. B, 2024, 12, 10466-10489
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by graphene layers. Subsequently, electrochemical cyclic-
potential was applied to the HCI-Ni@C catalyst-decorated elec-
trode, leading to an unexpected activation process.

Zeolite, metal-organic frameworks (MOFs), graphene, and
carbon nitride (CN) materials are commonly utilized for synthe-
sizing isolated atoms, with the confinement strategy being a
widely employed method for controlling the positioning of
single atoms. “Confining” refers to the process of coordinating
single atoms with substrates via covalent bonds, while main-
taining their coordinatively unsaturated state to act as active
centres.””®® This approach effectively stabilizes single atoms
and prevents their migration during processes. Typically, this
strategy involves two steps. Initially, metal precursors are
encapsulated within porous materials, and subsequently, iso-
lated metal atoms anchored on the substrate are obtained by
eliminating the residual precursors. For example, Wu and
colleagues® devised a method for synthesizing atomically
dispersed Mn-N-C catalysts through a two-step doping and
adsorption strategy. In the initial doping phase, Mn-doped ZIF-
8 underwent acid leaching to yield a partially graphitized
carbon host with nitrogen co-doping and porous structures.
In the subsequent adsorption step, additional Mn and nitrogen
sources were introduced and absorbed into the carbon host
alongside Mn-NC first powder. Thermal activation was then
employed to generate MnN4 sites with increased density. This
catalyst demonstrated promising activity and enhanced stabi-
lity for the oxygen reduction reaction (ORR).

Efforts to synthesize stable SACs at high temperatures have
expanded beyond traditional wet-chemistry methods. Directly
converting metal nanoparticles into single atoms is crucial for
both research and practical applications. Zhang et al. achieved
this by redispersing Pt nanoparticles to form a high-loading
and thermally stable SAC through a strong covalent metal-
support interaction (CMSI). The process involved the ethylene

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Various synthesis techniques for SACs/SANSs. (a) Synthesis strategy of a family of M-SACs (M = Ni, Co, Mn, Zn, Cu, Sc and Fe) as well as multi-M-
SACs including binary, ternary, quaternary and up to seven different metal centres. Reproduced with permission.8” Copyright 2022, Nature. (b) Schematic
of the synthesis and activation processes of Ni—C catalysts. The Ni-MOF used as a precursor consisted of an orthorhombic crystal. Atoms are shown as
follows: C, black; H, white; O, red; N, blue; and Ni, royal blue. Reproduced with permission.’® Copyright 2016, Nature; (c) fabrication of Ptrs-SAzyme

using ZIF-8. Reproduced with permission.®

® Copyright 2018, the Authors, published by Springer Nature; (d) and (e) diverse synthesis methods studied to

prepare SACs: (d) atom trapping strategy; (e) transformation of nanoparticles to single atoms. Reproduced with permission.’°® Copyright 2022, Wiley.
(f) Schematic of the different stages of the sol-gel process: from precursor to aerogel. Reproduced with permission.'®* Copyright 2021, Hindawi. (g)
Atomic layer deposition process. Reproduced with permission.®> Copyright 2016, American Association for the Advancement of Science. (h)
Photochemical reduction route. Reproduced with permission.’®® Copyright 2019, Springer Nature. () Schematic of the synthesis of SA-Fe/CN.
Reproduced from ref. 104 with permission. Copyright 2017, American Chemical Society.

glycol reduction of Pt nanoparticles, deposition onto Fe,O3,
and calcination at 800 °C in flowing air.

Similarly, Li et al. observed that noble metal nanoparticles
(Pd, Pt, Au) could convert into thermally stable single atoms on
nitrogen-doped carbon (CN) substrates. They utilized nitrogen
defects on CN to capture and anchor the metal atoms. The
synthesis involved mixing nanoparticles and Zn(NO;), with a
2-methylimidazole solution to grow ZIF-8 crystals on the metal
nanoparticles. Subsequent heating to 900 °C under flowing
nitrogen gas resulted in the conversion of metal-metal bonds
into metal-N bonds, yielding individual atoms. This redisper-
sion strategy proved effective for both oxide and CN supports
under inert atmospheres (Fig. 2a).

This journal is © The Royal Society of Chemistry 2024

Despite the significant advancements made, achieving a
high loading of isolated metal atoms remains challenging in
synthesis. Photochemical reduction, which involves the adsorp-
tion of photons and electronically excited states, has emerged
as a promising method for synthesizing isolated metal cata-
lysts. Notably, groups led by Flytzani-Stephanopoulos and
Zheng have successfully fabricated atomically dispersed cata-
lysts using this method.'®>'% Zheng’s group achieved a high
loading of single Pd atoms (up to 1.5%) on ultrathin TiO,
substrates. The synthesis process involved dispersing H,PdCl,
solution into TiO, nanosheets followed by UV treatment and
subsequent centrifugation and washing. The atomic dispersion
of Pd species was confirmed by aberration-corrected STEM.
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Ethylene glycolate (EG) radicals played a crucial role in the
formation mechanism of the catalysts.

Additionally, Wu and colleagues demonstrated that Pt single
atoms can be dispersed on various substrates, including carbon-
based materials and ZnO nanowires, through an iced-
photochemical reduction process. Single Pt atoms were stabi-
lized via Pt-C or Pt-O coordination, as confirmed by X-ray
absorption fine structure (XAFS) analysis (Fig. 2b).'%” The photo-
chemical strategy offers simplicity and time-saving advantages
over traditional wet-chemistry methods, presenting a promising
route for preparing SACs.

The enduring stability and chemical activity of individual
atom species residing on supportive surfaces ultimately hinges
on their electronic configuration. This configuration can be
substantially adjusted by the specific binding environment in
which they find themselves. It is important to note that single-
atom catalysis is not solely attributable to the single metal atom
itself, rather, it encompasses the interactions with its surround-
ings. These interactions can be likened to the metal-ligand
interactions observed in homogeneous catalysis. Furthermore,
single-atom species can also assume roles as promoters, even if
they do not directly participate in the catalytic reactions.'®**°
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The catalyst’s stability decreases as the thickness of the amor-
phous layer is reduced. This indicates that the combined influ-
ence of the amorphous and crystalline components imparts high
stability to the catalyst. Amorphous substances, such as layered
double hydroxides (LDHSs), offer many unsaturated coordination
sites. These characteristics are advantageous for immobilizing
single atoms by enhancing their interactions with the substrate.
Nevertheless, it is important to highlight that amorphous materi-
als generally exhibit lower stability when subjected to highly
corrosive and oxidative conditions, especially when compared to
their crystalline counterparts. Consequently, there is a strong
interest in developing hybrid materials that merge the qualities
of amorphous and crystalline LDHs. The goal is to strike a balance
that enhances both the stability and activity simultaneously.*****?

Zhang et al. further confirmed the inherent stability of
single-site Pt catalysts used for CO oxidation. In their experi-
ments, they found no noticeable deactivation even after sub-
jecting the catalyst to 60 consecutive cycles at temperatures
ranging from 100 °C to 400 °C. The remarkable stability of this
catalyst was attributed to the Pt atoms being firmly attached
to the inner surface of the mesoporous Al,O; substrate. These
Pt atoms were suggested to be stabilized by coordinate

©) H
oimer %

Oligomer

/

Monomer

% Amyloid plaque

Fig. 3 (a) Evidence-driven experimental model of AB-tau synergy. In the neocortical regions of Alzheimer’s disease patients’ brains, tau (red) and amyloid

plaques (blue) constituted of amyloid-3 accumulate at the same time, promoting tau propagation across neocortical regions dependent on amyloid-f.
Tau (bottom) inter-neuronal spreading is amplified in AD brains with plaque accumulation and tangle accumulation. Adapted with permission from ref.
124. (b) Traditional neuropathological phases of amyloid-p deposition in Alzheimer's disease dementia. Red areas in Phase 1 depict the cortical regions
with the initial accumulation of amyloid-f during the early pre-clinical stage. Continued deposition in the same areas is shown in darker colors in the
subsequent stages, with the new areas showing amyloid-f in red in each phase. Neocortical regions with the early accumulation of amyloid-f in phase 1
include association cortices. Additional accumulation is seen in the allocortical regions and midbrain (phases 2 and 3), with the cerebellum and brain stem
having amyloid-B accumulation in the late-phase clinical stages. The change to darker shading indicates the continuous accumulation of AB. Adapted
with permission from ref. 125. (c) Amyloid-p aggregation species and evidence of reversible states: the amyloid-f cycle. The aggregation species of Ap
can exist as monomers, dimers, oligomers, protofibril, fibril and amyloid plaques. These species exist in the steady state where one form can convert to
another in a bidirectional manner. The species are characterized by the aggregate size, conformation state and solubility, with fibril and amyloid plaque
being insoluble. Adapted with permission from ref. 126.
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unsaturated pentahedral AI** centres. There is broad consensus
that the performance, specificity, and durability of SACs can be
fine-tuned by altering how the anchored atoms interact with
the supporting surfaces. The precise positioning of these metal
atoms on the support surface is thought to determine the
intensity of their interactions with the support material. Within
these catalytic systems, the solitary metal atoms typically
affixed to cationic vacancies, equivalent cationic positions, or
other surface imperfections on the support, are recognized as
the active sites.""?

4. Role of SACs/SAzymes in
Alzheimer’'s detection

Alzheimer’s disease (AD) stands as the most common type of
dementia. Globally, dementia affects approximately 47 million
individuals, with 60-80% of these cases being attributed to
AD."*115 This suggests that the prevalence of dementia will
surpass 100 million by 2050. The cellular phase of AD occurs
simultaneously with the accumulation of amyloid B in the
brain, triggering the propagation of tau pathology, as shown
in Fig. 2. Over 40 genetic risk loci linked to AD have already
been identified, with apolipoprotein-E (APOE) alleles demon-
strating the strongest connection with the disease. Emerging
biomarkers, like plasma assays, and PET scans targeting phos-
phorylated tau and amyloid § show indicative potential for both
clinical and research applications. Promising pharmacological
treatments, like those targeting anti-tau, and anti-inflammatory
mechanisms, and anti-amyloid B are in advanced stages of
clinical trials.’*®"'® AD is characterized by a gradual decline in
episodic memory followed by cognitive impairment. In recent
times, microbial agents have gained attention as potential
contributors to AD’s origin, particularly periodontal pathogens
causing periodontitis (Pd), a condition linked to increased risks
of atherosclerosis, adverse cognitive outcomes, cardiovascular
events, and diabetes.’*® Pd affects 20% to 50% of older adults,
initiated by periodontal bacteria, such as Treponema denticola,
Aggregatibacter actinomycetemcomitans, Porphyromonas gingiva-
lis, and Tannerella forsythia. These bacteria trigger gingival
inflammation, the destruction of connective tissue, the for-
mation of periodontal pockets, the loss of alveolar bone, and
eventual tooth loss. Multiple potential pathways connecting Pd
to AD have been proposed, encompassing brain infiltration by
Gram-negative bacteria present in dental biofilms, the release
of bacterial by-products into the brain through bloodstream
invasion, and direct impacts on peripheral nerves.>*'*! Amy-
loid beta 1-40 (AP 1-40), abundant in the human body (ranging
from several tens to several hundreds of picograms per milli-
litre), readily aggregates into insoluble toxic forms, serving as a
key neuropathological indicator for AD. The early detection of
AP 1-40 can therefore provide valuable insights into estimating
the risk or early-stage presence of AD.'?>'** The prevailing
model in AD suggests that the pathophysiology of AR may be
an upstream pathophysiological event and could act as a trigger
or facilitator of downstream molecular pathways leading to

This journal is © The Royal Society of Chemistry 2024
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cortical neurodegeneration, such as tau misfolding, tau-
mediated toxicity, tangle accumulation, and tau spreading
(Fig. 3a). Biomarker-based observations and experimental
research showing a temporal AB-tau synergy, where a pathophy-
siological sequence exists between tau-mediated toxicity and AP
aggregation, are supported by genetic investigations.'**
Quantitative neuroimaging investigations have confirmed
neuropathological studies that show a spatial-temporal evolu-
tion of brain AR accumulation. This accumulation starts in
cerebral regions (like association cortices), where the neuronal
populations have high rates of metabolic bio-energetic activity.
It then moves from the neocortex to the allocortex to the
brainstem and ultimately to the cerebellum (Fig. 3b).">> Once
soluble monomers are produced, AP can exist in many inter-
mediate aggregation states, such as dimers and trimers, soluble
oligomers, and protofibrils. Eventually, it forms fibrils that
collect in plaques, which are commonly considered a neuro-
pathological characteristic of AD (Fig. 3c). From a diagnostic and
therapeutic standpoint, it is critical to comprehend the biology,
interconnected dynamics, and bioactivity of these intermediate
assemblies under both normal and pathological settings."*®
SACs, a subtype of nanozymes, are composed of individual
metal atoms dispersed on a supportive surface. These single-
atom nanozymes have attracted significant attention in the
realm of bio-catalysis."®” This is attributed to their durability,
exceptional catalytic prowess, and a distinctive attribute - the
maximum utilization of each atom (Fig. 2d-f). An innovative
high-density Fe-N, single-atom peroxidase-like nanozymes (Fe—
N, SANs) system was presented by Zhaoyuan et al., 2020, who
used a nanoconfined strategy involving pyrolyzed polypyrrole
(PPy) nanotubes for the detection of AP1-40, revealing better
thermal and pH stability in the Fe-N, SANs. Herein, the Fe-N,
SANs produced could catalyze the conversion of H,0, into
hydroxyl radicals through a Fenton reaction, demonstrating
excellent peroxidase-like activity.** Nevertheless, deviations in
dopamine levels, either excessive or deficient, bear additional
consequences, potentially contributing to the onset of condi-
tions, such as AD."*® A novel approach involving pyrolytically
Au-enhanced copper single-atom catalysts for the real-time
electrochemical detection of dopamine in neuronal cell and
geriatric plasma was presented by Gayathri et al., 2023, with
high sensitivity, structural stability, and biocompatibility. The
fabricated electrodes were based on single copper and gold
atoms anchored on bioinspired chitosan-extracted carbon
(CuAu SACs/BC)."*° In contrast to traditional nanozymes, SACs
are typically composed of isolated, positively charged metal
atoms that are stabilized by coordination with surrounding
atoms or ligands. This coordination prevents the metal atoms
from clustering together and allows the formation of distinct
metal-support interactions, rather than direct metal-metal
bonds. This structural difference enhances their catalytic activ-
ity and selectivity by exposing individual metal atoms for more
efficient catalytic processes (as depicted in Fig. 2g-i). This
makes them applicable as sensing materials, enabling ampli-
fied signals and the sensitive detection of biomolecules. The
distinctive electronic and geometric characteristics of SACs
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Table 2 Different catalysts used for the detection of Alzheimer's biomarkers

Michaelis-
Menten
Catalyst synth- constant Mode of Catalytic
Catalyst LOD Active biomarker esis technique (KM) mechanism Precursor radicals Linear range Advantages Ref.

Fe-N-C 0.88 pg mL ™' AP 1-40 Pyrolyzed 17.12 mM Catalyzes H,O, Derived from * OH 1-2000 Higher sensi- 44
polypyrrole to generate Fe-doped poly- pgmL ™" tivity, better
(PPy) nano- hydroxyl radi- pyrrole thermal and
tube via a cals via a Fen- nanotubes PH stable cat-
nanoconfined ton reaction, alytic
strategy which can be properties
recognized as a
superior
peroxidase-like
activity
Fe-N-C 1.9 pg mL™" Acetylcholinesterase Pyrolysis 0.129 mM Fe atomic clus- *0>~ 0.005-50 ng High cataly- 133
ters on N-doped mL " tic efficiency
porous carbon
Fe-N-C 1.3 pM Ascorbic acid Pyrolysis 0.253 mM Oxidase-like ~ Fe molecule 0> 1-10 uM High 134
activity of Fe- trapped within sensitivity
N-C and col-  ZIF-8
orimetric assay
for GSH
detection
Fe-N-C 0.014 mU Acetylcholinesterase — 1.81 mM — — *0*” — High cataly- 135
mL ! tic efficiency,
low cost
Co-SAC 1.31 uM Ascorbic acid Pyrolysis 0.578 mM Colorimetric ~ N-doped *0*”  0.3-2.5 U L' High cataly- 136
assay carbon and tic efficiency
Co-doped and reactivity
graphitic
carbon nitride
Mo- 0.12 yM Choline Cascade- 0.044 mM Colorimetric 2D N-doped *OH 0.5-35 pM  Stabilized 137
SAN anchored one- assay carbon atom molybdenum
pot pyrolysis dispersion
FeMn 0.066 UL Acetylcholine- Pyrolysis 0.86 mM  Colorimetric ~ N-doped *OH 0.1-30 U L' High 45
DSAs/ sterase(AChE) assay carbon efficiency
N-CNTs nanotubes
Cu-N- 0.60 ng mL™~ " Acetylcholine KCl-template 19.94 mM Colorimetric =~ N-doped car- °*OH 1-300 ng High 138
C strategy assay bon nanosheets mL "’ efficiency
Fe- 46.35 x 10~° Hydrogen Zinc-atom- ~ — — Doping single — 5.0 x 107 '°  High 139
SASC/ m peroxide (H,O,)  assisted iron atoms in mto 0.5 m efficiency
NW method polypyrrole
(PPy)-derived
carbon
nanowire
Fe-SAs/ 0.56 UL™'  Acetylcholine- — — — N-doped por- — 2-70 UL™"  Rapid 140
NC sterase (AChE) ous carbon response,
high
sensitivity
Au- 1.4 nM Hydrogen per- — — — Au catalyst loa- — 8 nM to 0.1 Higher cata- 141
CeO2 oxide (H,0,) ded on CeO, uM lytic activity
and
selectivity

confer them with unique advantages, including improved atom
utilization, reduced metal consumption, and augmented cata-
lytic performance. Recently, SACs have emerged as a pioneering
research frontier in catalysis-related domains. These catalysts
consist of isolated metal atoms evenly dispersed on their
substrates, showcasing exceptional catalytic activity and specia-
lized catalytic sites due to their exceptional electronic structure,
ample surface area, pathways for mass transfer, and optimal
atom utilization. Furthermore, the active isolated metal atoms
are firmly anchored within the support’s crevices, imparting
impressive stability even under adverse conditions. As a result
of these distinctive attributes, SACs have attracted interest as
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promising contenders for designing efficient single-atom nano-
zymes (SAzymes) tailored for biological sensing, tumour ther-
apy, pollutant degradation, and more."**"**> Table 2 list the key
attributes of various catalysts used for the detection of Alzhei-
mer’s biomarkers. It includes details such as the name of the
catalyst; its limit of detection (LOD), thus indicating its sensi-
tivity; the active biomarker targeted; the technique employed
for catalyst synthesis, thus offering insights into its fabrication
process; the Michaelis-Menten constant (KM), thus indicating
its affinity for the substrate and thus catalytic efficiency; the
mode of mechanism, elucidating the chemical or biochemical
process by which the catalyst interacts with the substrate; the
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precursor material used in catalyst synthesis; the catalytic
radicals generated during the reaction; the linear range, indi-
cating the range of concentrations for reliable detection; and
finally, its advantages specific to Alzheimer’s detection, which
may include enhanced sensitivity or stability. This comprehen-
sive overview aids in comparing and evaluating the effective-
ness of different catalysts in Alzheimer’s biomarkers detection.

5. Mechanism of action

Acetylcholinesterase (AChE) is a requisite bio-enzyme present
in the nervous system of living organisms. Fluctuations in the
AChE concentrations may develop some neurodegenerative
disorders (e.g. Parkinson’s and Alzheimer’s disease). It is an
important monitoring indicator of stroke, cerebral infarction,
and respiratory failure diseases. AChE catalyzes acetylcholine
(ATCh) important for maintaining the functioning of the cho-
linergic nerves in the mammalian nervous system to acetic acid
and thiocholine (TCh). Therefore, AChE has been used as an
important biomarker for the detection of Alzheimer’s disease,
as depicted in Fig. 4. For this, pretreated human serum samples
are treated with AChE solution at different concentrations.
Also, 3,3,5,5-tetramethylbenzidine (TMB), 2,2’-azino-bis (3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) can be utilized
as the chromogenic substrate.

The functionality resembling the peroxidase-like activity of a
single atom was assessed using TMB as the chromogenic sub-
strate. Upon the introduction of H,0,, the active site of the
nanozymes facilitates the oxidation of TMB, resulting in the
transformation of colourless TMB into blue ox-TMB. Meanwhile,
ACHhE facilitates the hydrolysis of ATCh into acetic acid and TCh.
TCh, which is generated in this process, leads to the reduction of

This journal is © The Royal Society of Chemistry 2024
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ox-TMB, consequently impeding TMB oxidation. The enzymatic
function of AChE is noticeably hindered by an increase in the
inhibitor Huperzine A (HA), resulting in reduced TCh production.
Consequently, the presence of the enzyme enhances the catalytic
oxidation of TMB. Initially, single-atom Fe sites uniformly cleave
H,0, molecules to produce *OH + °OH. This leads to the
subsequent formation of reactive H,O molecules. Significantly,
under acidic conditions, *O reacts with H' to generate *OH on the
single-atom sites, ultimately transferring to form stable H,O
molecules.*>'*

6. SACs and SAzymes properties

SACs and SAzymes are emerging as promising tools in the
diagnosis and treatment of AD. To be effective in these roles,
SACs and SAzymes must possess specific properties tailored to
the biochemical and pathological characteristics of AD. Below
is an in-depth discussion of these properties.

6.1. High catalytic activity and selectivity

Amyloid beta 1-40 (AP 1-40) is crucial for Alzheimer’s detection
but exists in low serum levels, requiring sensitive detection
methods. AB accumulation is central to Alzheimer’s pathology,
forming neuritic plaques. In early-onset AD, genetic factors lead
to excess AP production, while in late-onset AD, impaired
clearance due to proteostasis failure causes plaque build-
up.'*® SAzymes enhance immunoassays by providing high
catalytic activity, stability, and maximum atomic utilization,
surpassing traditional ELISA. SACs and SAzymes can potentially
degrade these harmful aggregates, addressing key pathological
indicators.** Additionally, selectivity is crucial to ensure that
SACs and SAzymes target only the pathological substrates
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(e.g AP plaques or tau tangles) without affecting normal
biological processes. For instance, an SAC designed to degrade
AP should not interfere with other peptides or proteins™**
critical for normal brain function.*®

6.2. Stability in biological systems

Atoms typically measure between 3 to 5 A (107*° m), while
nanomaterials are sized around 10~° m. This size differential
allows the attachment of multiple atoms to surfaces using
nanomaterials as scaffolds. In catalytic processes, each atom
acts as an operator, akin to an intricate production line. When
applied in biological contexts, these catalytic targets are often
proteins, and the transformation of nanomaterials into single-
atom catalytic enzymes (SAzymes) illustrates the promising
potential of single-atom nanozyme (SAN) technology for biolo-
gical applications. Single atoms can be integrated into SAN
materials, such as metal-organic frameworks'*® and carbon
quantum dots (CQDs),"*”**° which serve as carriers and exhibit
significantly higher reaction efficiencies than conventional
enzymes. These carrier materials vary in size from 1 to
100 nm. Additionally, the optical properties of the support
materials allow the nanocomposite to influence chemical reac-
tions by absorbing radiation."" SAzymes, a novel class of high-
performance nanozymes, have garnered significant research
interest. Their homogeneously distributed active sites and
unique coordination structures offer exceptional opportunities
to explore the structure-activity relationship and fine-tune the
geometric and electronic properties of catalytic active sites.
SAzymes have made considerable progress in design synthesis,
mechanistic understanding, and advanced applications. Their
uniformly distributed catalytic active sites maximize atom
efficiency, selectivity, and catalytic activity, making them parti-
cularly useful in maintaining structural integrity and function
in the human brain’s complex biochemical environment. This
includes resistance to oxidation, proteolysis, and other degra-
dation forms. For diagnostic and therapeutic uses, it is crucial
that SACs and SAzymes remain stable in colloidal form to
prevent aggregation or precipitation, which could otherwise
lead to blockages in blood vessels or neural tissues.'>”

6.3. Biocompatibility and low toxicity

The design of SANs is crucially dependent on the biocompat-
ibility of both the nanosupport, and the metal used. Transition
metals, which are often employed due to their abundant d
orbital domains, readily coordinate with nanosupport materi-
als. The redox-active properties of these metals can disrupt
redox homeostasis in tumour cells, making them suitable for
therapeutic applications. Candidate metals can be fine-tuned to
enhance the enzyme-like activity by optimizing their coordina-
tion structures with various nanosupport systems.'”® Unlike
natural enzymes, SANs undergo a distinct catalytic process that
involves substrate adsorption, surface reactions, and subse-
quent product dissociation, followed by the regeneration of
active sites. Therefore, the surface structure of SANs plays a
pivotal role in their catalytic efficiency. Surface modification is
the most effective strategy for improving these properties,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry B

allowing SANs to disperse effectively in biomimetic fluids. For
instance, polyethylene glycol (PEG) is commonly used to
enhance the hydrophilicity and biocompatibility of SANs.'*?
PEG molecules reduce interactions with biological fluid com-
ponents, thereby minimizing mononuclear phagocytosis clear-
ance and prolonging the circulation time of SANs in the
bloodstream. In addition to PEG, polyvinylpyrrolidone (PVP)
is frequently used as a surface modifier to improve the disper-
sibility of SANs. These surface modifications further functio-
nalize SANs, enhancing their bioaccumulation in both in vivo
and in vitro settings. This functionalization equips SANs with
capabilities that are advantageous for bacterial and cancer
therapies, multimodal imaging, and tumour targeting.**

6.4. Redox activity for ROS regulation

Oxidative stress is a significant factor in the progression of AD.
SACs and SAzymes play a crucial role in regulating reactive
oxygen species (ROS) through redox reactions, mimicking the
activities of enzymes like superoxide dismutase (SOD) and
catalase (CAT). By controlling ROS levels, these nanozymes
protect neurons from oxidative damage, potentially slowing AD
progression.”* In the accompanying Fig. 5, SAzymes are
depicted demonstrating their redox activity for ROS regulation,
mimicking enzyme activities, such as oxidase (OXD), peroxi-
dase (POD), catalase (CAT), and superoxide dismutase (SOD).">>
Natural oxidases are enzymes that catalyze the oxidation of
substrates, resulting in the production of oxidized products
along with H,0, H,0,, or O,, particularly in the presence of
molecular oxygen (O,) or other oxidants.

Recently, there have been reports of SAzymes, which are
synthetic analogues, demonstrating oxidase-like (OXD-like)
activity. For instance, Fe-N-C SAzymes, which feature atom-
ically dispersed metal active sites, have shown remarkable
OXD-like catalytic abilities.'®* These SAzymes can catalyze the
conversion of O, into reactive oxygen species (ROS), such as
superoxide radicals (O, ™). Additionally, in the presence of O,,
Fe-N-C SAzymes can oxidize 3,3',5,5'-tetramethylbenzidine
(TMB), resulting in a blue-colored oxidized product (ox-TMB).
Further studies have revealed that Fe-N-C SAzymes with Fe-N,
active sites also exhibit OXD-like catalytic activity. These active
sites are capable of reductively activating O, to produce various
ROS, including superoxide radicals (O, ), hydrogen peroxide
(H,0,), and singlet oxygen ('0,). Specifically, Fe-N; species
within Fe-N/C-CNT SAzymes have been identified as the key
OXD-mimicking active sites. The catalytic mechanism of these
SAzymes likely involves the ROS generated during the O,-
activation process, contributing to their OXD-mimicking activ-
ity. This discussion highlights the potential of SAzymes as
synthetic alternatives to natural oxidases, offering insights into
their catalytic mechanisms and applications."®*> Expanding
material systems is still important, even though there are some
findings on SAzymes that can scavenge ROS and reduce cellular
oxidative damage. However, these reports are restricted to a few
materials. Yet, significant work needs to be done in this area
because the intrinsic mechanisms of ROS scavenging for
SAzymes are currently unclear.
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7. SACs and SAzymes: a paradigm shift
in catalysis towards biological systems

SACs have recently emerged as a revolutionary class of cata-
lysts, demonstrating outstanding performance in terms of
activity, stability, and selectivity across various significant
chemical reactions. SACs combine the benefits of both homo-
geneous and heterogeneous catalysis, offering unparalleled
efficiency in atom utilization, distinct quantum size effects,
low coordination environments for individual atoms, and
tuneable metal-support interactions, as depicted in Fig. 6.
These unique characteristics make SACs highly promising for
applications in renewable energy-conversion technologies and
critical industrial processes. The geometric and electronic
structures of SACs, intricately linked to their coordination
and composition, play a crucial role in determining their
catalytic effectiveness. Consequently, the controllable synth-
esis and rational design of SACs have become central focuses
in the quest for cost-effective and environmentally friendly
catalysis, with particular emphasis on optimizing atom
economy. %1%

As heterogeneous catalysts, SAzymes are widely recognized
for their robust stability, even under elevated temperatures
and pressures, and for the ease with which they can be
recovered from reactants and products. The coordination
and electronic environment of metal-centred sites are pivotal
in influencing the catalytic performance. However, conven-
tional heterogeneous catalysts often suffer from inadequate
atom utilization, as only a small fraction of the surface metal
atoms actively engage in the reaction. This limitation has
spurred the rapid development of advanced catalysts
(SAzymes), representing a novel frontier in catalytic research,
as depicted in Fig. 7. The presence of coordination-
unsaturated surface atoms located at corners, edges, and steps,
combined with the distinctive morphology of nanoparticles,
plays a crucial role in modulating the adsorption and activa-
tion of reactant molecules, thereby enhancing the catalytic
efficiency.'®> 168
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8. Key advancements and obstacles in
implementing SACs and SAzymes

SACs have emerged as a superior alternative to other 2D bioma-
terials, as they exhibit higher catalytic efficiency due to their fully
exposed single metal atoms, enhanced selectivity, and increased
sensitivity from their high surface area, enabling them to become
a promising evolution in the early detection of diseases."®™"*
They also exhibit improved stability, are cost-effective and envir-
onmentally friendly due to reduced metal usage, and offer versa-
tility in functionalisation. To further enhance their properties
nanozymes have been incorporated in them (SAzymes), enabling a
higher catalytic efficiency with nearly 100% atom utilization,
superior selectivity through uniform active sites, and enhanced
sensitivity. They are also more stable, cost-effective, and have
lower toxicity. SAzymes have been designed to mimic natural
enzymes, offering greater specificity for pathological conditions,
better biocompatibility, and dynamic catalytic activity regulated by
environmental factors."””*"7* Additionally, SAzymes allow for pre-
cise functionalization for biomarker targeting, tailored kinetics for
metabolic processes, and greater structural diversity, making
them more suitable for biomedical applications."”*'”> However,
several critical challenges hinder their practical application, as
outlined below.

8.1. Stability and selectivity

In the physiological conditions of the human system, the
stability and selectivity of SAzymes and SACs is a major con-
cern. These atomic materials are prone to forming metal-metal
clusters over time, which can negatively impact their catalytic
efficiency and reproducibility.’”®'”” Also, while detecting reli-
able biomarkers for Alzheimer’s APOE &4 allele variation, cross-
reactions with other biomolecules can lead to nonspecific
binding and signal interference.

8.2. Reproducibility and scalability

The large-scale synthesis of SACs and SAzymes with consistent
performance is difficult. The precise control and uniform

This journal is © The Royal Society of Chemistry 2024
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dispersion of atomic metal atoms over the active sites in
SAzymes require advanced and often expensive techniques.
Scaling these synthesis methods for commercial production
while maintaining the reproducibility and cost of the device is
another major hurdle.

To overcome these challenges more advanced techniques,
such as mass-selected soft-landing, atomic layer deposition
(ALD), the solid-state diffusion method, and many others have

This journal is © The Royal Society of Chemistry 2024

been explored to scale up the production with a higher metal
loading capacity and uniform accumulation."”®'”® Further,
SAzymes and SACs have been developed coordinated with
carbon supports and metal-organic frameworks, whereby the
precious metal catalysts are replaced with economical alterna-
tives that exhibit remarkable catalytic efficiency and
stability.®°>'%° Derived from MOFs, SACs have demonstrated
exceptional potential. This strategy holds great promise for
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generating SACs characterized by an elevated metal loading and
uniform distribution. However, this process results in the degra-
dation of the carbon surface and the impairment of active
catalytic sites. Second, it is difficult to stabilize isolated metal
atoms on carbon supports without compromising their catalytic
activities, particularly under elevated reaction environments. 8>
This challenge stems from the higher mobility of individual metal
atoms, making them more prone to aggregation into larger
particles due to their higher surface energies compared to corres-
ponding metal clusters and nanoparticles (NPs). To effectively
stabilize isolated metal atoms, the metal mass loading in current
CS-SAG:s is intentionally kept low to minimize metal atom agglom-
eration. Third, owing to the diverse and complex structures,
precise atom arrangements and identifying the origin of catalytic
activity pose significant challenges. Consequently, diverse and
well-thought-out rational design strategies are essential for the
continued advancement of CS-SACs."”*'83182

9. Conclusion

This review precisely addressed the great potential of single-
atom catalysts/nanozymes (SAzymes) as promising candidates
for Alzheimer’s disease early-stage detection. The therapeutic
approach of SAC/SANs provides a unique crossroads for
nanoscience and medicine. Since SANs can mimic the structure
as well as the catalytic properties of natural enzymes they can
exponentially increase the detection capability of SAzymes. The
improved selectivity and sensitivity of SACs/SANs positions
them as promising tools for targeting the complex mechanisms
of cognitive diseases (like Alzheimer’s disease). In this paper,
we discussed how SANs bridge the gap between conventional
enzymes and nanozymes, providing controlled electron trans-
fer, good catalytic efficiency, and biosafety in the field of
medicine However, further research is needed to address the
challenges and limitations associated with SACs and SAzymes
to fully utilize their clinical applications. In summary, these
barriers highlight the importance of further research attempt-
ing to address and overcome the limitations that prevent the
widespread use of SACs in the clinical setting. As the work
progresses, the redesign and translation of SACs/SANs into
useful clinical applications may redefine Alzheimer’s disease
treatment in the future.
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