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Diagnosis of Alzheimer's disease: Towards accuracy and accessibility
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Alzheimer’s disease (AD) is a serious dementia afflicting aging population and is characterized by cognitive decline, amyloid-3
plaques, and neurofibrillary tangles. AD substantially impairs the life quality of the victims and poses a heavy burden on the soci-
ety at large. The number of people with dementia due to AD, prodromal AD, and preclinical AD is estimated to stand at roughly
3.2, 69, and 315 million worldwide, respectively. Current clinical diagnosis is based on clinical symptoms, and clinical research
demonstrated that positron emission tomography (PET) and cerebrospinal fluid (CSF) biomarkers had excellent diagnostic perfor-
mance. However, the application of CSF biomarker tests and PET are restricted by the invasiveness and high cost. The presence of
clinical symptoms means that AD pathology has been progressing for many years, and only a few drugs have been approved for
the traetemnt of AD. Therefore, early diagnosis is extremely important for controlling the outcomes caused by AD. In this review,
we provided an overview of developing clinical diagnostic criteria, diagnostic strategies under clinical research, developing blood
based-biomarker assays, and promising nanotechnologically-based assays.
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and APOE-e4. APOE-e4 greatly increases the risk of AD de-
velopment by driving amyloid pathology [3]. A study showed
that 65% of 1770 Alzheimer's patients in the United States had
at least one copy of the APOE-e4 gene [4]. In addition to the
aforementioned non-modifiable factors, unhealthy habits, such
as smoking, may increase the risk of AD [5], and it is possible
that an overall reduction in the incidence of smoking may reduce
the future prevalence of AD in the population. Additionally, it is
still being investigated whether changes of daily dietary habits
contribute to a reduction in the incidence of AD [6-7].

Since AD was discovered in the last century, so far, there is no
cure for the condition due to the complexity of its pathogenesis,
and the knowledge about AD is constantly being updated [8].

1 INTRODUCTION

Alzheimer's disease is caused by damage of neurons in brain,
with neurons in areas responsible for memory and language
being involved first, and then areas responsible for basic self-
care functions, such as mobility, affected, thereby presenting a
life-threatening risk to the victim. AD is a progressive condition,
the rate of progression varying with different individuals [1].
Since the disease is most common in people over 65, the initial
onset of the disease, such as memory loss, is not easily noticed
by patients and their families, leading to lost opportunities of
timely diagnosis and pharmacological interventions. The eti-
ology of the disease is not yet fully understood. Known risk
factors include age, genes, and family history, with age being

the most important risk factor. The percentage of people with
AD increases with age, with up to 33.3% of people over 85 suf-
fering from AD [2]. Among the genetic factors, APOE is most
striking, with three allelic mutants, i.e., APOE-¢2, APOE-e3,
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With regard to the AD diagnosis, the Alzheimer’s Disease and
Related Disorders Association (ADRDA) and the National Insti-
tute of Neurological and Communicative Disorders and Stroke
(NINCDS) proposed the first clinical diagnostic criteria for AD
in 1984 [9], and the clinical diagnostic criteria were to be revised
27 years later by the National Institute on Aging and Alzheimer’s
Association (NIA-AA) in 2011 [10-13]. With the two versions,
the diagnosis mainly depends on patients’ clinical symptoms and
cognitive tests. In 2018, a research framework was formulated
by the NIA-AA. The framework, for the first time, provided
a biological definition of AD and suggested how biomarkers
should be used to guide the diagnosis of AD [14]. In 2023, the
Alzheimer's Association released a draft of revised diagnostic
criteria with specific guidance on the use of biomarkers for the
diagnosis of AD. In the discusssion of the diagnostic methods,
this review focused more on the detection of biomarkers than on
clinical symptoms. At present, biomarker assays commonly used
in clinical research include enzyme-linked immunosorbent assay
(ELISA), single-molecule array (Simoa), PET, among others.
Here, we review the process of establishing clinical diagnostic
criteria and the diagnostic approaches currently under use and
development.

2 DIAGNOSTIC CRITERIA AND RESEARCH
FRAMEWORK

2.1 Clinical diagnostic criteria established in 1984

In 1984, a Work Group, set up by NINCDS and ADRDA,
drafted the clinical diagnosis criteria that defined AD in terms
of clinicopathological features. The clinical criteria outlined the
diagnosis of probable, possible, and definite AD. Due to the lack
of knowledge about the disease, these diagnostic criteria are not
fully authoritative and need to be validated and revised on the
basis of accumulating clinical experience [9]. After ruling out
other neurological disorders (e.g., Parkinson's disease, bipolar
disorder) that may lead to cognitive deficits, the diagnostic cri-
teria propose that a diagnosis of probable AD can be made if
the patient presents with typical symptoms of latent dementia,
such as sudden apoplectic onset, focal neurologic findings, gait
disturbances, etc. [15]. A diagnosis of definite AD requires a
combination of medical history, neurologic, psychiatric and
clinical examinations, neuropsychological tests, and laboratory
studies. Laboratory assessments include electrophysiological
methods, computerized tomography (CT), regional cerebral blood
flow, PET, magnetic resonance imaging (MRI), and examination
of body fluids and non-neurological tissues. These laboratory
assessments are used to eliminte other causes of dementia and
improve diagnostic accuracy [9]. For example, CT is used to
exclude hydrocephalus, brain tumors, and identify abnormal
brain tissue changes. Localized cerebral blood flow measurements
help to differentiate between dementia due to cerebrovascular
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diseases and AD [16].

2.2 Clinical diagnostic criteria updated in 2011

In the intervening 27 years, the diagnostic criteria established
in 1984 were universally adopted by clinicians. With incremental
clinical experience and advances in diagnostic technologies, the
diagnostic criteria received a major update in 2011. Compared
with the diagnostic criteria published in 1984, there were two
significant differences between the two versions: the formal iden-
tification of different stages of the disease and the rational use of
biomarkers in different states. The diagnostic criteria published
in 1984 assumed that the clinical symptoms of AD closely cor-
responded to the progression of the pathology, and no distinction
was made between AD pathology and clinical symptoms. Under
the influence of this view, it was believed that individuals either
developed AD pathology and were in the dementia category or
did not have AD pathology and AD causing dementia could be
excluded. Over the following two decades, however, physicians,
in their clinical practice, encountered symptoms that were not
always consistent with pathology, such as diffuse amyloid plaques
detected in the absence of significant clinical symptoms [17].
Therefore, in this revision, a conceptual distinction was made
between the physiological process of AD (abbreviated as AD-P)
and the resulting clinical syndrome (abbreviated as AD-C). Mild
cognitive impairment (MCI) and genetic risk are also emphasized
in this revision [11].

The preclinical phase of AD is divided into three stages:
the first state features asymptomatic cerebral amyloidosis but
positive amyloid B (AB) (PET or CSF), the second state has as-
ymptomatic amyloidosis and "downstream" neurodegeneration,
with positivity for AR (PET or CSF) and markers of neuronal
damage (tau, fludeoxyglucose (FDG), sMRI), and the final stage
presents with amyloidosis, neuronal damage, and subtle cognitive/
behavioural decline, positivivty for A (PET or CSF) and markers
of neuronal damage (tau, FDG, sMRI), and evidence of subtle
cognitive changes. The importance of the preclinical stage cannot
be overstated, as several studies have shown that the patholog-
ical process of AD begins years before the onset of symptoms,
meaning that the onset of AD-P precedes the appearance of AD-C.
Intervention in the early stages of AD contributes to treatment of
disease. The Work Group is committed to the characterization of
the preclinical stages of AD using biomarkers [13].

To determine MCI status in AD, two sets of criteria were put
forward: (1) core diagnostic criteria, which do not require the use
of'advanced imaging techniques or CSF analysis, and (2) research
criteria, including the use of biomarkers based on imaging and CSF
analysis, can be used in clinical studies. The core clinical criteria
include cognitive changes, objective manifestations of impairment
in cognitive domains, normal functional ability, absence of de-
mentia, and adequate etiological investigation. Different from its
core counterpart, research criteria used biomarkers reflecting Af3
deposition (CSF AB42, PET amyloid imaging), neuronal injury
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(CSF tau/p-tau, hippocampal volume or medial temporal atrophy,
brain atrophy rate, FDG-PET imaging, Single-Photon Emission
Computed Tomography (SPECT) perfusion imaging, etc.) and
associated biochemical changes (biomarkers of inflammation,
oxidative stress and other markers of neurodegeneration and
synaptic damage). More clinical experience is needed to support
how these biomarkers can be utilized to provide an objective
diagnostic basis. In addition, the Work Group recommends the
core diagnostic criteria be combined with biomarker testing to
determine whether a patient's MCI is caused by AD [10].

For dementia due to AD, the core diagnostic criteria developed
by the Work Group do not rely on biomarkers, but mainly on clin-
ical symptoms. The Work Group also outlines the core diagnostic
criteria for all-cause dementia, which primarily include assessment
of daily behaviors and function, and assessment of cognitive and
behavioral impairments, such as information acquisition, complex
task processing, visuospatial abilities, language functioning, and
mood changes. Impairment of daily activities is the main feature
that distinguishes between dementia and MCI. AD dementia can
be categorized as probable AD dementia, possible AD dementia,
and probable or possible AD dementia with the presence of the
AD pathological process. To support a diagnosis of AD dementia
on the basis of biomarkers, the core clinical diagnostic criteria
for AD dementia must be met first [12].

In summary, biomarkers have begun to receive attention when
they were included as an adjunct of AD’s diagnosis in the 2011
version of the diagnostic criteria, and are being increasingly used
in clinical studies and judgement of the pathological process of
AD. Alzheimer’s diagnosis on the basis of biomarkers warrants

more clinical experience.

2.3 Research framework established in 2018

In 2018, a research framework was established to provide a
biological definition of AD. The mounting importance of biomark-
ers was the primary impetus to the formulation of the research
framework in 2018. In the framework, biomarkers are categorized
as AP deposition (abbreviated as A, including AB-PET and CSF
AP42), pathological tau (abbreviated as T, including p-tau and
tau-PET), and neurodegeneration (abbreviated as N, including
T-tau, FDG-PET, and MRI). The classification is not final but
flexiable to allow for addition of new biomarkers when they are
shown to reflect the pathology of AD [14].

In this framework, AD is defined by AP plaques and patho-
logical Tau deposits, and AD is viewed as a continuum of bio-
marker changes. If only amyloid beta deposits are present and
levels of pathological tau biomarkers are normal, the patient
will be labeled as "pathological changes in Alzheimer's disease"
rather than "Alzheimer's disease". Patients can only be labeled
as “Alzheimer's disease” when both A and pathological tau are
abnormal. Neurodegeneration (N) is not specific to AD, so N is
only used to assess the severity of the disease [14].

Based on the foregoing conception, the Work Group, com-
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missioned by NIA-AA leadership, stressed that the research
framework should not be used to restrict clinical diagnosis.
Clinical research is the main target of the research framework.
Nevertheless, differing perspectives emerge after the publication
of'the research framework. Jack ef al. compared the prevalence of
AD using the biological definition of AD and the clinical definition
of probable AD in the same cohort. Their results showed that the
prevalence of biologically defined AD was higher than the prev-
alence of clinically defined AD because changes in biomarkers
preceded clinical symptoms, meaning that AD is not the same
under the two evaluation modalities, which can create potential
confusion in the definition of AD [18]. Ron Louie expressed
the same concern, he also supported that defining "Alzheimer's
disease" in terms of biomarkers is hasty, which creates ambiguity
in the original clinicopathological definition of "Alzheimer's dis-
ease" [19]. Kevin et al. focused on the "grey space" around the
quantitative thresholds for biomarker diagnosis, which should be
evaluated in a more comprehensive and multidimensional way
[20]. Tang et al. gave a similar view [21].

Over the past few years, researchers have shown great enthusi-
asm for the biomarkers of AD, and several studies demonstrated

the accuracy of biomarkers for Alzheimer's diagnosis [22-23].

2.4 Revised criteria for Diagnosis of AD: A Draft

In 2022, the Alzheimer's Association formed a steering commit-
tee and a Work Group led by Dr. Clifford Jack to review the 2011
diagnostic criteria and the 2018 clinical research framework and
then updated the diagnostic criteria. The Alzheimer's Association
released a draft of revised diagnostic criteria in October 2023
and is currently reviewing comments solicited from the scientific
community to publish revised diagnostic criteria in 2024 [24].

The primary rationale for this update is that biomarkers were
widely validated in clinical research, so the use of biomarkers for
Alzheimer's diagnosis should go one step further. Several basic
principles of this revision include: (1) AD should be defined
biologically rather than based on clinical symptoms; (2) AD is
a continuum in which progressive brain pathological changes
lead to the development of clinical symptoms; (3) AD should
be diagnosed on the basis of abnormalities in biomarkers [25].

In this draft, the classification of biomarkers is further refined,
a distinction was made between the same biomarker on fluid
assays and imaging assays, where biomarker imaging measures
the cumulative effect of the biomarker and fluid assays reflect the
production/clearance rate of the analyte. Based on the 2018 ATN
classification, biomarkers of inflammatory/immune mechanisms
(I), vascular brain injury biomarkers (V), and synucleinopathy
biomarkers (S) were introduced, and these biomarkers, classified
in terms of underlying mechanisms, were categorized into core
AD biomarkers, biomarkers of non-specific processes involved
in AD pathophysiology, and biomarkers of non-AD co-pathol-
ogy [26]. The specific classification and application of these
biomarkers are presented in Figure 1.
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a Biomarker category | CSF or plasma analytes ‘ Imaging b Intended Use [ CSF [ Plasma [ Imaging
Core Biomarkers Diagnosis
C A: (A proteinopathy) Amyloid PET
ore 1
- - Ti: (phosphorylated and p-tau 217
A (AP proteinopathy) Ap42 Amyloid PET secreted AD tau)
Ti: (phosphorylated and p-tau 217, p-tau 181, p- Hybrid ratios p-taul 81/Ap42, p-tau217/mp-tau
secreted AD tau) tau 231 ttaw/AR42, AB42/40 | 217
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Tz (AD tau proteinopathy) pT205, MTBR-243, non- | Tau PET A: (Ap proteinopathy) Amyloid PET
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fragments secreted AD tau)
s = " " n Hybrid ratios p-taul81/Ap42, p-tau217/np-tau
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activation N (injury to or NfL NfL Anatomic MR,
- degeneration of FDG PET
Biomarkers of non-AD co-patholugy neurapil)
V vascular brain injury Anatomic infarction, I (inflammation) GFAP GFAP
WMH Astrocytic activation
S a-sy-nuclein uSyn-S AAF Identification of co-pathology

N (injury, dysfunction, NfL NfL Anatomic MR,
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neuropil)

V vascular brain injury Anatomic
infarction, WMH,
abundant dilated
perivascular
spaces

S o-synuclein aSyn-SAA *

Figure 1: Classification (a) and application (b) of biomarkers for AD diagnosis in the draft [26].

This is the first diagnostic guideline for biomarkers used in
clinical diagnosis, but the Work Group also clarified that this
guideline should serve as a bridge between research and clinical
application, meaning it is not intended to be a specific guideline
for clinical practice. Since the revised diagnostic criteria have
not yet been released in an official version, we will not discuss
them in more detail, but we can find that clinial application of
biomarkers is going forward with the continuous updating of
the diagnostic criteria, and biological tests are the basis for the
application of biomarkers as a reliable diagnostic tool, as we will
discuss in the following sections.

3 BIOLOGICAL DIAGNOSTIC APPROACH

3.1 CSF AB42/40 and p-tau

CSF is in direct contact with brain and spinal cord, so its
protein composition is close to that of the brain tissue, making
CSF an ideal source of biomarkers for AD and can be used to
characterize changes in biochemical markers in the brain [27].
Amyloid precursor protein (APP) in the brain is concentrated in
neuronal synapses and can be degraded into different products
by a variety of proteases. AB42 is prone to accumulation and
formation of deposits that can lead to neurotoxicity. Therefore,
AP plaques are considered to be the main pathological marker
of AD [28-30]. In fact, AD can be recognized by a decreased
AP42 level in CSF. Studies have shown that level of AB42 was
abnormal decades before the onset of dementia, suggesting that
level of AP42 is conducive to the early diagnosis and an early
warning sign of AD. In addition, a study has shown that AB42/40

outperformed APB42 in terms of diagnostic accuracy [31].

Tau protein is mainly found in axons of the central nervous
system (CNS) and plays an important role in the stabilization
of microtubules, which is crucial for neuronal integrity. Phos-
phorylation of tau impairs the affinity of tau with microtubules
and thus causes microtubule disassembly, which in turn af-
fects the integrity of neurons. Excessively phosphorylated tau
clusters together to form helical filaments (PHFs) and straight
filaments. Neurofibrillary tangles (NFTs) formed by PHFs is
another fundamental pathological feature of AD. The level of
total tau in CSF reflects the severity of neuronal degeneration,
but the elevation of t-tau is not found solely in AD patients
[32-34]. In contrast, some studies have shown that p-tau levels
were elevated only in AD, with no or minimal changes in other
neurodegenerative disorders, such as traumatic brain injury,
stroke, and Creutzfeldt-Jakob disease [35]. Levels of p-taul81,
p-tau217, and p-tau23 1 rose when only subtle A pathology was
detected in the preclinical Alzheimer's continuum [36]. The levels
of p-tau in CSF increased significantly, allowing for an accurate
differentiation between AB-positive and AB-negative populations.
Given the invasiveness of lumbar puncture and the immaturity
of diagnostic application of biomarkers, the Work Group made
recommendations the possible indications for the use of CSF
biomarkers as an aid to diagnosis [37]. ELISA is widely used
as a high-throughput, convenient, and sensitive method for the
detection of AD biomarkers in CSF [38-39].

3.2 AB-PET/tau-PET

PET is a non-invasive imaging technique commonly used for
clinical diagnosis and in scientific research. Based on the decay
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process of radioisotopes, PET visualizes metabolic and functional
structure in the brain by detecting positrons emitted from radio-
isotopes to generate images. The radiotracer "*F-fluorodextrose
(FDG-PET) is commonly used for the visualization of the brain,
and patients with AD or non-AD dementias exhibit hypometabolic
features. The distribution pattern of hypometabolism determines
the type and severity of dementias. Typical FDG-PET manifes-
tations in AD patients include reduced glucose metabolism in
the temporoparietal joint cortex, anterior cingulate, and posterior
cingulate [40]. The specificity of the radiotracer is extremely
important for the imaging of specific metrics. ''C-Pittsburgh
compound B ("'C-PIB) is the first tracer to be used for AB-PET,
and '"C-PIB binds to the B-sheet structure, especially fibrotic Af,
but the short half-life of C-11 limits its more widespread use.
To overcome this problem, fluorine-18 labeled radiotracers were
developed and introduced and they include ['*F Jflorbetapir, ['*F]
flutemetamol, and ['*F]florbetaben, and have been approved by
the FDA for clinical use. They have exhibited great potential in
distinguishing patients with AD from the healthy population as
well as in the early detection of AD progression [41-42].

Prior studies have shown that early tau deposition is confined
to the transnasal medial region, then spreads to the limbic lobes,
and finally to the neocortex [43]. Therefore, tau-PET can help
physicians determine the progression of the disease. Since the
concentration of tau aggregates in brain tissue is much lower
than that of AP, tracer specificity has to be high. Currently, 18F-
AV-1451 is widely used, and has been shown to possess a high
affinity for PHF-tau, but binds poorly with other biomarkers,
such as AP, argyrophilic grains, and a-synuclein, so it can serve
to differentiate AD and other non-AD degenerative diseases
[44-45]. The distribution of tracers can be classified according
to the pattern specified by Braak, thus helping physicians assess
the pathological progression of patients [46]. The 18F-AV-1451
is being increasingly applied in the clinical practice [47].

3.3 Detection of Blood-Based Biomarkers

As mentioned above, two AD biomarkers, AB42 and p-tau
can be detected by CSF sampling and PET imaging, but CSF
sampling entails lumbar puncture, which is extremely painful
for patients, and PET imaging is expensive [48], so research
on blood-based biomarkers has been gaining momentum in re-
cent years. Peripheral blood sampling is convenient, which can
help facilitate the further clinical application of AD biomarkers.
Currently, representative biomarkers in peripheral blood include
AB42/40, p-taul 81, p-tau231, and p-tau217, and the non-specific
biomarkers NfL and GFAP [49].

Biomarkers in CSF come directly from the brain, and their
concentrations can often reach hundreds of picogram per milli-
liter, but when these biomarkers enter the bloodstream through
systemic circulation, their concentrations tend to drop to a few
tens of picogram per milliliter. Therefore, ELISA, which is com-
monly used for the detection of biomarkers in CSF, is ill-suited
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for the detection of these biomarkers in blood [50]. Based on the
double-antibody sandwich principle, Simoa technology binds
approximately 250000 capture antibodies to the 2.7-um magnetic
beads, which are then sequentially conjugated to the antigen,
biotinylated secondary antibody, and reaction substrate. After
binding, the beads are enclosed in a chip with 238,000 wells,
each well containing only one bead, and the fluorescence is de-
tected by a Charge-Coupled Device (CCD) system. The protein
concentration corresponding to positive fluorescent wells can be
calculated according to the theory of Poisson distribution, thereby
meeting the goal of digital single-molecule detection. The Simoa
method has two significant advantages: (1) an ultra-low reaction
system, which means lower background noise and signal spreading
while increasing sensitivity; and (2) a digital assay design and
quantification method that allows for independent identification
and calculation of single-molecule signals. Compared with ELI-
SA, Simoa has a thousands-fold lower limit of detection (LOD)
and limit of quantitation (LOQ), making it possible to accurately
detect AD biomarkers in the blood [51-52].

Meso Scale Discovery (MSD) is also an ultrasensitive assay
based on a double-antibody sandwich assay with electrochemilu-
minescence. Unlike ELISA, its detection antibody is labeled with
ruthenium instead of biotin, and the bottom of the MSD-specific
well plate is a carbon electrode. After the formation of the capture
antibody-antigen-detection antibody complex, the ruthenium
on the detection antibody reacts with Ru(bpy),*" and tripropyl-
amine (TPA) to produce an intense light that can be detected at
a wavelength of 620 nm. MSD showed an ultra-high sensitivity,
and up to 10 indicators can be detected simultaneously in one
sample well which includes 10 small wells [53]. Immunopre-
cipitation mass spectrometry is another option, and with this
technique, beads coupled with antibodies separate the detected
substance from the sample, then detected substance was eluted,
and isotopically labeled substance was finally quantified by mass
spectrometrical methods [48].

Several studies compared plasma AB42/AB40 with CSF AB42/
AB40 and AB-PET results using Simoa and Immunoprecipita-
tion mass spectrometry respectively. It was found that plasma
AP42/AP40 was highly correlated with CSF AB42/AB40 and
AB-PET results [54-56]. Compared with healthy individuals,
APB42/AP40 in CSF was about 50% lower in patients presenting
A pathology while the corresponding ratio in plasma was only
14.3% lower, which might be ascribed to the fact that plasma AP
contains a fraction of AP from the peripheral tissues and Ap42
is metabolized more rapidly in the blood [57]. Among a variety
of plasma p-tau, p-taul81, p-tau231 and p-tau217 have become
subjects of active research in recent years. Several studies have
shown that the plasma p-taul81 level gradually increased with
the disease progression, and a familial AD exhibited that p-taul 81
level showed value in early diagnosis [58-59]. A cross-sectional
study compared plasma p-tau231, p-tau217, p-taul81, AB42/40,
GAFP, and NfL, only p-tau217 change was significantly Ap
protein-dependent over a period of 4-6 years that encompassed
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both preclinical and symptomatic period, and the p-tau217 level
was found to be associated with disease progression, including
cognitive decline and brain atrophy [60]. Another study showed
that plasma p-tau217 could accurately predict AD within 4 years
[61]. It was found that plasma NfL and GFAP could be used to
discriminate between patients with AD and healthy individuals,
and the increased level of GFAP appeared many years before
the pathological state of AD, but since NfL. and GFAP are not
AD-specific biomarkers, these biomarkers might be used more
for diagnosis of neurodegenerative diseases [62-63].

microRNAs (miRNAs) are short non-coding RNAs consisting
of 20-25 nucleic acid sequences that bind to mRNAs to prevent
translation and thus regulate gene expression post-transcrip-
tionally. The levels of mRNAs related to AP production and
Tau phosphorylation and their corresponding miRNAs show
abnormal changes during the pathological process of AD. miR-
NAs involved in the pathogenesis of AD enter the bloodstream
upon being encapsulated by exosomes or binding to proteins,
and their stability is higher than mRNA, so miRNAs transported
by exosomes in the blood have attracted attention as poten-
tial blood biomarkers. Currently, miRNA-adapted quantitative
reverse-transcription polymerase chain reaction (RT-qPCR),
microarray hybridization, NanoString sequencing, and next-gen-
eration sequencing (NGS) are employed to screen for differences
in miRNA expression. Differences in miRNA levels between AD
patients and healthy individuals continue to be identified, and
further validation is needed to determine which miRNA is more
likely to be developed as a blood biomarker for AD. Jia et al.
used six neurogenic exosomal miRNAs in plasma to develop a
predictive model that could detect AD risk 5-7 years before the
onset of AD symptoms[64].

Patients with AD are often already in the pathological stage
when they are diagnosed in hospital, and are curable by currently
available treatments, and the survival of the patients is often
less than 10 years. The biggest advantage of plasma biomarkers
lies in that plasma is easy to sample and allows for large-scale
screening, which is important for the early diagnosis of AD.

3.4 Emerging nanotechnologically-based detection
methods

Although Simoa and MSD enabled the quantification of bio-
markers in blood for Alzheimer’s patients, high cost and reli-
ance on specialized instruments limited their more widespread
application. Therefore, a cheaper and more convenient detection
method is also a research hotspot. The current development of
new analytical methods for blood biomarkers of AD is principally
based on optoelectronic sensing platforms.

Surface plasmon resonance (SPR) is a phenomenon in which
incident light incident at a critical angle to the interface of two
media with different refractive indices (such as gold or silver
coating on the surface of glass), the resonance of the metal-free
electrons can be induced, and due to the resonance of the clec-
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trons absorbing the energy of the light, resonance spectra were
produced. A common SPR biosensor consists of an optical sec-
tion, a metal layer, and a sensing layer, where the optical sec-
tion can be a prism, a fiber optic, or a grating. SPR biosensor
is known for quick and easy detection, high sensitivity, and
being labeling-free for analyte [65]. If metal nanoparticles are
used to replace the metal film layer, the surface plasma wave
can be confined to the surface of the nanoparticles, and this
kind of resonance phenomenon between the external incident
photon and the localized surface plasma wave is called local-
ized surface plasmon resonance (LSPR). Song et al. prepared a
plasma biosensor based on DNA-assembled advanced plasma
structure (DAPA) for miRNA detection in serum. Two narrow
nanogaps in the nanostructure induced plasma coupling between
three spherical gold nanoparticles to increase the optical energy
density. With a 1.66-fold higher refractive index sensitivity than
commonly used gold nanorods at LSPR, the biosensor can even
distinguish single nucleotide differences between different miR-
NAs. Using the biosensor can identify AD patients and healthy
controls by detecting the levels of miRNA-125b, miRNA-15a,
and miRNA-361 in serum. The sensor showed great potential
for clinical diagnosis of AD using miRNAs [66]. Further, Song
et al. found that controlling the sodium chloride concentration
during the synthesis process could regulate the bending angle of
the synthesized gold nanostructures, based on which the research-
ers synthesized gold nanotriplet spherical structures with 180°,
130°, and 70° angles, and the plasmonic nanostructures with a
130° angle showed higher sensitivity. The biosensor developed
based on 130° angle triplet gold nanoparticles for the detection of
miRNAs in serum samples allows for the differentiation between
healthy individuals, MCI patients, and AD patients. Combining
the results of multiple miRNAs, the average diagnostic accuracy
reached 98.22% [67].

Surface-enhanced Raman scattering (SERS) is also an option
based on LSPR in the detection of Alzheimer’s biomarkers. Raman
spectroscopy, which provides vibrational spectra of fingerprint
peaks with specific features, is limited as a quantitative detection
since its sensitivity is low. SERS was discovered in 1977, and the
mechanism has not been fully clarified but is usually attributed
to both electromagnetic (EM) and chemical enhancement (CM),
with electromagnetic enhancement playing a major role. Raman
signaling molecules modified on noble metal surfaces increase the
Raman signal by several orders of magnitude, effectively lowering
the detection limit. SERS biosensors are mainly composed of
plasmonic materials, Raman signaling molecules, and an optional
specific capture probe [68]. Zhang et al. developed a colorimetric
and SERS dual-mode magnetic immunosensor for the detection
of p-tau396,404. The researchers modified p-tau396,404-spe-
cific antibodies on superparamagnetic nanoparticles to capture
p-tau396,404 in the blood, and gold nanoparticles labeled with
Raman signaling molecules are used to produce Roman signals.
This dual-mode immunosensor achieved a detection limit of 1.5
pg/mL in SERS mode [69]. Furthermore, on the basis of lateral
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flow analysis (LFA), researchers developed a colorimetric and
SERS dual-mode LFA with a detection limit of 3.8 pg/mL in
SERS mode [70].

Detection by electroanalysis is based on changes in electrical
properties induced by the analyte, and specific methods include
differential pulse voltammetry and electrochemical impedance
spectroscopy [71]. Wang et al. developed an electrochemical
sensor for f-amyloid oligomers via metal-organic skeleton loaded
gold nanoparticles (AuNPs@CuMOF), with a linear range of 0.5
~ 500 fM and a detection limit of 0.25 fM [72]. Pereira et al.
constructed an electrochemical biosensor for miRNA detection
based on two gold nanostructure-modified carbon screen-printed
electrodes (C-SPEs) and an oligonucleotide probe for miR-34a,
which showed a linear range of 100 pM - 1 pM, with a detection
limit of 94 aM in serum [73].

4 CONCLUSION AND FUTURE DIRECTION

This review falls into two parts. In the first part, we review
the development of diagnostic criteria for AD formulated by
NIA-AA, and the term “biomarker” appeared, for the first time,
in the diagnostic criteria issued in 2011. A biological definition
of AD was given by the clinical research framework published
in 2018, while AD was defined by clinical symptoms in the past
decade. In 2023, the latest draft of the revised diagnostic criteria
improves the categorization of biomarkers and delineates the
function of different biomarkers based on current research. It’s
reasonable to believe that biomarkers will be increasingly used
in the diagnosis of AD, because biomarkers provide more ob-
jective results, and abnormal changes in biomarkers precede the
appearance of clinical symptoms. In using biomarkers as a main
diagnostic tool for AD, the following issues are important: (1)
As AD progresses continuously, the determination of thresholds
for diagnosis and staging of AD by biomarkers is critical. This
requires more clinical data and experience. (3) After the biomarker
diagnostic thresholds are determined, how to deal with the value
near the thresholds. Artificial Intelligence can give doctors advice
by learning on constant basis [74].

In the second part, we discussed the detection methods for
AD biomarkers. Both detection of biomarkers for AD in CSF
and imaging already are included in FDA-approved assays [75-
76]. Although not for all biomarkers of AD, it’s still essential
for the further application of biomarkers in Alzheimer’s diag-
nosis. In contrast, no detection methods for plasma biomarkers
have received regulatory approval, and the main problems with
plasma biomarkers include: (1) Ideal AD plasma biomarker
levels should evolve with AD progression, and current reports
indicated that p-tau217 is advantageous over other biomarkers
[60], and further validation is needed to determine the ultimate
application of plasma biomarkers, in a combined multi-marker
or single-marker fashion. (2) Currently, no study showed which
plasma biomarker assay is equivalent to cerebrospinal fluid bio-
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markers and PET assays in terms of performance. (3) The same
biomarker showed a much lower level in plasma than in CSF,
which means absolute quantification is difficult, and the cost of
high-sensitivity assay is much higher than traditional methods
such as ELISA. Substantial discrepancies existed between the
results yielded by different testing methods [77-78]. All these
factors restrict the further development of plasma biomarkers.
The diagnosis of AD solely through blood collection is an ideal
model, and researchers in the nanotechnology field have been
endeavoring towards this goal.

In recent years, the development of assays for AD diagnosis
in the nano field has been focusing on SPR and electrochemical
methods, which are also commonly used for the detection of
blood biomarkers in cancer and other diseases. All the efforts are
directed at developing convenient, sensitive, and cheaper assays.
Except for the protein biomarkers, miRNA was also under test,
which broadens the range of biomarkers that can be tested for
the diagnosis of AD. Most of the existing nanotechnology-based
diagnostic tools require tightly controlled experimental condi-
tions, which is unfriendly to clinical applications [79-80]. The
nanotechnology-based diagnostic tools for AD could create more
possibilities for their industrial production and application if they
can achieve a high level of reproducibility and stability.
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ABBREVIATION USED

AD, Alzheimer’s disease; CSF, cerebrospinal fluid; PET,
positron emission tomography; ADRDA, the Alzheimer’s Dicase
and Related Disorders Association; NINCDS, the National Insti-
tute of Neurological and Communicative Disorders and Stroke;
NIA-AA, the National Institute on Aging and Alzheimer’s As-
sociation ; ELISA, enzyme linked immunosorbent assay; Simoa,
single-molecule Array; CT, computerized tomography; MRI,
magnetic resonance imaging; AD-P, process of Alzheimer’s
disease; AD-C, clinical syndrome of Alzheimer’s disease; MCI,
Mild cognitive impairment; AB, amyloid 3; FDG, fludeoxyglu-
cose; SPECT, Single-Photon Emission Computed Tomography;
APP, Amyloid precursor protein; PHFs, Paired helical filaments;
NFTs, Neurofibrillary tangles; CCD, Charge-Coupled Device;
LOD, Limit of detection; LOQ, Limit of quantitation; miRNAs,
microRNAs; RT-qPCR, Reverse-Transcription Polymerase Chain
Reaction; NGS, Next-Generation Sequencing; SPR, Surface
plasmon resonance; DAPA, DNA-assembled advanced plas-
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ma structure; SERS, Surface-enhanced Raman scattering; EM,
electromagnetic; CM, chemical enhancement; LFA, lateral flow
analysis; C-SPEs, Carbon Screen-Printed Electrodes; MSD, Meso
Scale Discovery; TPA, Tripropylamine; LSPR, localized surface
plasmon resonance: CNS, central nervous system.
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