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REVIEW

Nanomaterial-based Optical and Electrochemical Biosensors for Amyloid beta and 
Tau: Potential for early diagnosis of Alzheimer’s Disease
Le Minh Tu Phana,b*, Thi Xoan Hoangc*, Thuy Anh Thu Voc, Hoang Lan Phamc, Hien T. Ngoc Lea,  
Somasekhar R. Chinnadayyalaa, Jae Young Kimc, Sang-Myung Leed, Won Woo Chod, Young Hyo Kime, 
Seong Hye Choif and Sungbo Choa,g

aDepartment of Electronic Engineering, Gachon University, Seongnam-si, Gyeonggi-do, Republic of Korea; bSchool of Medicine and Pharmacy, The 
University of Danang, Danang, Vietnam; cDepartment of Life Science, Gachon University, Seongnam-si, Gyeonggi-do, Republic of Korea; dCantis 
Inc., Ansan-si, Gyeonggi-do, Republic of Korea; eDepartment of Otorhinolaryngology-Head and Neck Surgery, School of Medicine, Inha University, 
Incheon, Republic of Korea; fDepartment of Neurology, School of Medicine, Inha University, Incheon, Republic of Korea; gDepartment of Health 
Sciences and Technology, GAIHST, Gachon University, Incheon, Republic of Korea

ABSTRACT
Introduction: Alzheimer’s disease (AD), a heterogeneous pathological process representing the most 
common causes of dementia worldwide, has required early and accurate diagnostic tools. 
Neuropathological hallmarks of AD involve the aberrant accumulation of Amyloid beta (Aβ) into 
Amyloid plaques and hyperphosphorylated Tau into neurofibrillary tangles, occurring long before the 
onset of brain dysfunction.
Areas covered:Considering the significance of Aβ and Tau in AD pathogenesis, these proteins have 
been adopted as core biomarkers of AD, and their quantification has provided precise diagnostic 
information to develop next-generation AD therapeutic approaches. However, conventional diagnostic 
methods may not suffice to achieve clinical criteria that are acceptable for proper diagnosis and 
treatment. The advantages of nanomaterial-based biosensors including facile miniaturization, mass 
fabrication, ultra-sensitivity, make them useful to be promising tools to measure Aβ and Tau simulta
neously for accurate validation of low-abundance yet potentially informative biomarkers of AD..
Expert opinion: The study has identified the potential application of advanced biosensors as standar
dized clinical diagnostic tools for AD, evolving the way for new and efficient AD control with minimum 
economic and social burden. After clinical trial, nanobiosensors for measuring Aβ and Tau simulta
neously possess innovative diagnosis of AD to provide significant contributions to primary Alzheimer’s 
care intervention.
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1 Introduction

According to the recent report in September 2020, there are 
approximately 50 million people living with dementia and 
around 10 million cases surge to record per year in the 
world, even is forecasted to reach 82 million in 2030 and 
152 million in 2050, in which 60–70% contribution of 
Alzheimer’s disease (AD) [1]. AD is a multi-faceted neurode
generative disease in which synaptic dysfunction is part of 
the fundamental contributors to pathogenesis in patients 
[2]. This disease is characterized by the presence of amyloid 
plaques comprising Amyloid beta (Aβ) and neurofibrillary 
tangles (NFTs) formed by the polymerization of phosphory
lated Tau protein. These formations cause brain cell func
tional disorders, destroy connections among neurons, and 
ultimately cause severe symptoms in patients, such as mem
ory loss, inability to perform simple tasks in daily life, pro
blems with communication, and unpredictable behavior 
[3,4]. To attenuate these severe consequences, diagnostic 

methods that can recognize AD before the onset of clinical 
symptoms are essential for developing effective treatments 
at the earliest stages.

For earlier diagnosis of AD, neuroimaging and lab tests are 
the most popular methods [5]. Brain imaging using various 
techniques such as magnetic resonance imaging (MRI) [6], 
functional MRI [7], photon emission computed tomography 
[8], positron emission tomography (PET) [9], and single- 
photon emission computed tomography [10] are prospective 
approaches for determining alterations in the brain. Lab tests 
allow for several types of analysis, including genetic tests, 
cerebrospinal fluid (CSF) analysis, and the detection of biolo
gical markers [11]. However, these conventional approaches 
typically require time-consuming processes and can yield less 
sensitive results, causing false-positive diagnosis [12]. 
Therefore, it is crucial to develop more effective detection 
methods that provide precise information regarding the 
occurrence and progression of the disease in a manner that 
requires minimal time and cost.
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Notably, Aβ and Tau are considered to be the most promis
ing pathological biomarkers for early detection of AD [13,14]. 
Numerous techniques have been developed for biomarker 
quantification; these include, but are not limited to, individual 
diagnostic tests, mass spectroscopy (e.g. Congo red staining 
[15] and Fourier transform ion cyclotron resonance [16]), 
immunoassays (e.g. Enzyme-linked Immunosorbent assay 
(ELISA) [17] and immunoprecipitation [18]), molecular imaging 
(e.g. fluorescent microscopy [19]), probe-based assays (e.g. 
quantum dot nanoprobes [20]), electrochemical techniques 
[21], mass spectrometry (e.g. gas chromatography-time-of- 
flight mass spectrometry [22]), chromatographic assays (e.g. 
immobilized metal affinity chromatography [23]), and syn
thetic analyses (e.g. meta-analysis [24,25]). However, these 
techniques have several undesirable limitations such as the 
need for expensive instruments, low sensitivity, non- 
environmental-friendly qualities, and instability of certain 
reagents. To overcome these drawbacks, recent studies have 
widely investigated nanomaterial-based biosensors for moni
toring diseases and therapeutic response through the mea
surement of fluid biomarkers [26]. Interestingly, the 
combination of advanced nanomaterials with biosensors for 
the detection of simultaneous AD biomarkers in the early 
diagnosis holds promising potential to improve sensitivity, 
specificity, and screening time. Optical and electrochemical 
nanobiosensors exhibit advantages in direct measurement of 
the targets with miniaturization of complicated devices, high 
specificity, and sensitivity, even with small volume and low 
concentration target samples [27,28]. Therefore, advanced 
nanomaterial biosensors for the detection of simultaneous 
Aβ and Tau have attracted the interest of researchers to 
accurately diagnose AD at the earliest stage.

The capability of early AD diagnosis holds enormous poten
tial to not only offer efficient therapy but also reduce burden 
in economic as well as social impact. To further investigate the 
clinical potential of nanomaterial-based biosensor for Aβ and 
Tau, this review highlights the critical pathological mechan
isms regarding Aβ-Tau synergistic interaction that results in 
the development of AD and outlines the latest developments 
in nanomaterial-based optical and electrochemical biosensors 
used to quantify Aβ and Tau that could be applicable for AD 
diagnosis (Figure 1). Based on the advanced properties of 
these up-to-date nanomaterial-based biosensors, the advance
ments and challenges of nanomaterial-based biosensors for 
Aβ and Tau to become realistic clinical diagnostic tools have 
been deliberated to emphasize the promising potential appli
cations in the early screening of AD.

2. Potential fluid biomarkers of Alzheimer’s disease

Diagnosis at the early stage of AD is of pivotal importance for 
a variety of clinical reasons, as it aids in evaluating the efficacy of 
potential therapeutic interventions. However, various lines of evi
dence suggest the existence of a ‘preclinical’ stage of AD that can 
begin 10–20 years before a subject can be diagnosed and based 

on this, clinical diagnoses are not always reliable. Therefore, the 
development of quantitative assays is challenging, and accurate 
diagnosis requires a careful medical history and physical examina
tions [29]. Currently, numerous studies have focused on key bio
markers for developing more accurate diagnostic methods, and 
various promising proteins, such as Tau or amyloid species, have 
been identified for predicting AD [30].

2.1. Amyloid beta and the concept of the amyloid 
cascade hypothesis

Recently, various studies have provided support to several 
conceptually important observations that strongly underpin 
the amyloid hypothesis. Based on the findings in Parkinson’s 
disease, although fatal neurodegeneration is the most severe 
consequence of NFT formation, they are not sufficient to gen
erate the amyloid plaques that are characteristic of AD. 
Instead, the changes in Aβ metabolism and initial plaque 
formation occurring prior to the formation of NFTs are more 
critical events causing amyloid plaque generation. Moreover, 
increasing evidence suggests that genetic variability in Aβ 
catabolism and clearance may act as a major player in the 
risk for late-onset AD [31]. Taken together, these findings 
reveal that Aβ deposition is the primary influence of AD, and 
that this process is responsible for Tau phosphorylation and 
NFT formation that consequently leads to neuronal death and 
dementia.

Although the amyloid hypothesis remains controversial, 
numerous studies have pointed out that senile plaques pri
marily comprising accumulated Aβ peptide initiate the patho
genesis of AD [32]. The Aβ peptides are produced through the 
proteolytic cleavage of amyloid precursor protein (APP), which 
is a type 1 integral membrane glycoprotein. APP is expressed 
in a number of tissues, particularly in the synapses of neurons, 
and is produced in several different isoforms consisting of 695 
to 770 amino acids in size. In homeostasis, APP plays an 
important role in facilitating a range of biological activities, 
including neuronal development, signaling, and intracellular 
transport, in the brain [33]. APP is generally cleaved by α- 
secretases derived from sAPPα in the non-amyloidogenic 
pathways; however, in the alternative (amyloidogenic) path
ways, APP is cleaved by β-secretases and then by γ-secretases 
to produce a peptide consisting of 37 to 49 amino acid 
residues. Similarly, Aβ monomers spontaneously aggregate 
into different forms of oligomers that can subsequently form 
regular fibrils and deposit in plaques [31–33]. Previous studies 
have found that although Aβ40 concentrations can be 
detected at levels that are several-fold higher than those of 
Aβ42 in the CSF, Aβ42 is the principal component of senile 
plaques in the brains of patients with AD [34]. Additionally, 
Aβ40 and Aβ42 levels are thought to be indicative of the 
severity of the disease and to contribute to the formation of 
oligomers that represent the most toxic species [35]. The 
mechanism of Aβ aggregation in vivo remains unclear; how
ever, several studies have shown that there are different and 
highly complex pathways resulting in oligomer formation [32].
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Extracellular soluble Aβ oligomers (AβO) can interact with 
GM1 gangliosides to induce neuronal cell death mediated by 
nerve growth factor receptors [32]. Aβ not only influences the 
neuron but also triggers the activation of both astrocytes and 
microglia that, in turn, generate cytokine-mediated neuroin
flammation, those are the main contributors to AD progres
sion and severity [36]. Naturally, this activation status is 
designed to protect the body from harm, and when needed 
is downregulated to reduce responses and to switch to an 
alternative state that functions as an anti-inflammatory phe
notype in wound repair and debris clearance. However, the 
defective clearance of amyloid can lead to uncontrolled or 
prolonged neuroinflammation that is potentially harmful and 
can lead to chronic inflammation, cellular damage, as well as 
the further perpetuation of the vicious inflammatory cycle, 
observed in AD [37]. Based on these observations, early deter
mination of Aβ concentration is one of the most valuable 
approaches for effective AD treatment.

2.2. Tau proteins and their biological function

The primary causative factor of AD and the relationship 
between protein misfolding and neurodegenerative disor
ders both remain unclear, and these have been under 
debate for many years [38]. In addition to senile plaques, 
the density of NFTs has also been speculated to be a key 
characteristic that closely correlates with cognitive decline 
in AD [39]. Regardless, unlike amyloid species that primarily 
exist in the extracellular environment, NFTs are intracellular 
and are overwhelmingly localized inside neuronal axons, 

and the main constituent of these NFTs is made up of the 
microtubule-binding protein Tau [40]. Tau is a soluble and 
unstructured protein in the central nervous system. The 
human brain expresses six isoforms of Tau that are gener
ated by alternative splicing, contain 352 to 441 amino acids, 
and are subdivided into four regions and generates [41,42]. 
The phosphorylation in the serine residues of KXGS motif 
causes decreased Tau affinity, prevents it from binding to 
microtubules, and subsequently destabilizes the neuronal 
cytoskeleton. It is well established that cytoskeleton desta
bilization leads to disruption of Tau-dependent cellular 
functions, such as vesicle and organelle transport, axonal 
growth, synaptic transmission dysfunction [41].

Although there is much controversy regarding the rela
tionship between NFTs and senile plaques in AD, the pre
vailing theory is that Tau aggregation occurs later and 
arises from misfolded Aβ species-dependent cellular events 
[43]. Under physiological conditions, Tau binds to micro
tubules and stabilizes the neuronal cytoskeleton [44]. 
However, hyperphosphorylation of Tau caused by exces
sive Aβ or by glycogen synthase kinase 3-β is sufficient to 
promote tangle-like aggregates from Tau filaments [45]. In 
addition, the interaction between phosphorylated Tau and 
Fyn can cause phosphorylation of NMDA receptor subunit 
2 and enhance excitotoxicity. Furthermore, phosphorylated 
Tau has also been shown to interact with voltage- 
dependent anion channel protein 1 by interrupting axonal 
transport to the mitochondria, causing synaptic damage. 
As a result, these changes can lead to neurodegenerative 
disorders and can unveil the pathology of AD [46]. 

Figure 1. Cooperation between Amyloid beta and Tau pathological pathways and advanced nanomaterialbased optical and electrochemical biosensors for 
ultrasensitive biomarker detection in the early diagnosis of AD.
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Table 1. Summary of nanomaterial-based optical biosensors of Aβ and Tau.

Principle Biomaterials Nanomaterials Targets Biological sample LOD Refs

Colorimetry Antibody, dsDNA AuNPs, MMPs ADDLs CSF 30 copies [80]
Colorimetry Antibody AuNPs Aβ42 Serum 2.3 nM [78]
Colorimetry - AuNPs, AgNPs Aβ40, Aβ42 Plasma 50 nM [77]

Optical - AuNPs Aβ40 - - [50]
Optical Aβ15-20 AuNRs Aβ40 aggregates - - [76]

Optical Antibody Anodic aluminum 
oxide thin film

Aβ42 
t-Tau

CSF 
CSF

7.8 pg/mL 
15.6 pg/mL

[51]

Fluorescence - Cu-BTC/Tb Aβ40 Plasma 1 nM [69]
Fluorescence Antibody Magnetic bead Aβ40 

Aβ42
CSF 0.5 nM [52]

Fluorescence - CDs@Eu Aβ CSF 0.17 nM [64]
Fluorescence ssDNA GO, FAM AβO42 Exosome, Serum 20 pM [53]
Fluorescence Aptamer UCNPs, MNPs AβO40 CSF 36 pM [67]

Fluorescence ssDNA Polydopamine NPs AβO - 12.5 nM [54]
Fluorescence Antibody MNPs Aβ40, Aβ42 CSF, serum - [155]

TR-LRET - Eu3+@PS NPs Aβ42 aggregation - - [55]
Fluorescent imaging - ZnO nanoflowers Aβ - - [56]

Fluorescent imaging R7-CLPFFD peptide brFND-35 
nanodiamonds

Aβ aggregates Fibro 
blast cells

- [57]

NIR fluorescent imaging - Fe3O4@SiO2@SLCONHR Aβ42 Mouse brain - [98]
Fluorescence Antibody, FITC MNPs Tau CSF, serum - [155]

Fluorescence Antibody Fluorescent peptide 
nanoparticles

Aβ and Tau Serum - [58]

Fluorescence Antibody GO, FITC Tau - 0.04 pM [74]
Fluorescent Antibody MNPs Tau CSF, plasma 55 aM [71]

Fluorescence Antibody, aptamer CuInS2/ZnS QDs Tau Serum 9.3 pM [68]
RT-QuIC - - Tau fibrils Brain homogenate 1.4 pM [59]

Fluorescence Aptamer - Tau441 
Tau381 
Tau352 
Tau383

- 28 nM 
3.2 nM 
6.3 nM 
2.2 nM

[60]

NIR fluorescence Antibody Fluorescence probe 
DANIR-2 c, MCAAD- 
3

Tau fibrils Human neuroblastoma cells - [72]

Fluorescence Antibody MNPs, indolium 
fluorophore

Aβ42 
Tau441 

p-Tau181

CSF, serum, saliva, urine 23 fM 
14 fM 
34 fM

[70]

Fluorescent image Antibody, aptamer MNPs Aβ42 
Tau441 

p-Tau181

CSF 8.4 fM 
4.2 fM 
3.6 fM

[73]

SPR - Au nano-urchins Aβ42 fibrillation - - [83]

LSPR Antibody AuNPs, AuNRs Aβ40 
Aβ42 
Tau

Plasma 34.9 fM 
26 fM 

23.6 fM

[82]

LSPR Antibody AuNRs Tau Plasma 100 fM [84]

SPR Antibody MWCNTs Tau CSF 125 pM [87]
SPR Antibody, aptamer - Tau381 Plasma 10 fM [86]

SPR fiber Antibody - Tau 
p-Tau

Serum 2.4 pg/mL 
1.6 pg/mL

[85]

SERS - AuNPs@PS HypF-N type A - 0.1 μM [91]
SERS - SiNR@AuNPs Aβ fibril - - [92]

FERS - Fiber Aβ42 - - [61]
SERS Antibody MNPs, AuNPs Tau CSF - [95]

SERS Antibody MNPs, AuNPs Tau - < 25 fM [94]
SERS Aptamer AuNPs AβO42 

Tau
CSF 37 pM 

0.42 fM
[90]

SERS Antibody MNPs@Au@GO Aβ42 
Tau

100 fg/mL [93]

Dark field microscopy Antibody AuNPs Aβ fibril - 40 pM [96]

STM Antibody AuNPs Aβ42 - 10 fg/mL [97]
Biolayer interferometry Aptamer - Tau441 Fetal bovine serum 6.7 nM [62]
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Therefore, early detection of Tau at a low level prior to the 
onset of clinical symptoms may also be useful for 
effective AD treatment.

Current evidence suggests that the clinical symptoms 
of AD can begin as subtle changes that occur years before 
a diagnosis of dementia. For example, the accumulation of 
Aβ may begin as many as 20 years before diagnosis, 
and NFTs may occur 15 years prior to the onset of symp
toms [47,48]. Therefore, it is necessary to identify and 
quantify these biomarkers to establish the presence of 
pathology at an early time-point prior to the onset of 
clinical symptoms.

3. Optical biosensors for Aβ and Tau biomarkers of 
Alzheimer’s disease

Optical biosensors provide distinct advantages over conven
tional analytical techniques, including high specificity, sensi
tivity, small size, and cost-effectiveness, due to their ability to 
facilitate label-free, real-time, and direct detection of biological 
targets. A typical optical biosensor is comprised of 

a biorecognition sensing element incorporated with an optical 
transducer system, producing a signal that is equivalent to the 
analyte concentrations [49]. Due to their advantages, numer
ous optical biosensors have currently been developed to 
quantify the concentration of AD biomarkers (Aβ and Tau) 
for the early diagnosis of AD, including colorimetric biosen
sors, fluorescent biosensors, surface-enhanced Raman scatter
ing (SERS) detectors, localized surface plasmon resonance 
(LSPR) detectors, and others. Table 1 summarizes some of 
the most recently developed nanoparticle-based optical bio
sensors used to detect Aβ and Tau.

Among the various optical biosensors, fluorescent-based 
biosensors are one of the most used, as they provide high- 
sensitivity fluorescence detection. Fluorescence-based nano
biosensors are useful and have been developed recently in 
the field of optical sensors [63]. Based on unique spectral 
characteristics, lanthanide-based infinite coordination poly
mers (LN-ICPs) serve as an attractive nanomaterial for time- 
resolved luminescence detection. Ln-ICPs exhibit large Stokes 
shifts, long fluorescence lifetime, and high photochemical 
stability, and they can readily distinguish signals of interest 

Figure 2. Schematic illustration of the synthesis of the CDs@Eu/GMP ICP fluorescent nanoparticle probes and the ratiometric fluorescent application to detect Aβ 
peptides based on the high affinity of Aβ toward Cu2+. Adapted with permission from Ref. [51]. B) Schematic principle of the redox-mediated fluorescent 
immunoassay for determination of Tau protein levels using CuInS2/ZnS quantum dots. Adapted with permission from Ref. [55]. C) Colorimetric biosensor for Aβ42 
analysis based on sandwich immunoassay using AuNPs@C/N-Ab. Adapted with permission from Ref. [65].
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from the background luminescence noise. A CDs@Eu/GMP ICP 
nanoparticle-based fluorescent probe has been recently devel
oped to detect Aβ monomers (Figure 2A). CDs@Eu/GMP ICP 
nanoparticles were fabricated by exploiting the self-assembly 
behavior of Eu3+ and 50-guanosine monophosphate disodium 
(GMP) using carbon dots (CDs) that act as an effective antenna 
ligand. The interaction between CDs and Cu2+ could disrupt 
the antenna effect, ultimately leading to fluorescence quench
ing of Eu3+ while the fluorescence of CDs was retained. Due to 
the stronger complex formation between Cu2+ ions and Aβ 
monomers, the antenna ligand effect was restored, leading to 
a gradual increase in fluorescence emission at 615 nm when 
the Aβ monomer concentration was increased in the sample 
solution while the fluorescence emission at 400 nm of CDs was 

not affected. As a result, this inducible fluorescent nanoprobe 
could measure Aβ monomers in the linear range from 0.5 nM 
to 100 nM with limit of detection (LOD) of 0.17 nM, suggesting 
that it could be used as a label-free and selective probe for 
monomeric Aβ detection in the cerebral system [64]. Up- 
conversion nanoparticles (UCNPs), which provide enhanced 
signal-to-noise ratio and possess high resistance to photo
bleaching, have been proposed to be a promising luminescent 
probe for biosensor applications [65]. Oligonucleotide apta
mers, the single-stranded DNA or RNA sequences that form 
conformationally unique 3-dimensional structures for selective 
interaction with analytes, can bind to molecular targets with 
remarkable affinity and specificity. Aptamers can be used as 
convincing substitutes for antibodies due to their high 

Figure 3. A) LSPR biosensor for multiple detection of Aβ40, Aβ42, and Tau using differently shaped Au nanostructures. Adapted with permission from Ref. [69]. B) 
SERS biosensor demonstration for Tau based on hybrid complex formation of AuNPs and MNPs immunocomplexes. Adapted with permission from Ref. [82]. C) 
Synthesis scheme for the fabrication of dual-modal NIR-fluorophore-conjugated magnetic nanoparticles and in vivo imaging due to signal response toward Aβ. 
Adapted with permission from Ref. [85]
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stability under hot or hazardous conditions, their ease of 
synthesis with high purity, and their ability to be easily mod
ified with various molecules [66]. An immunosensor that uti
lized BaYF5:Yb,Er UCNPs and magnetic nanoparticles (MNPs) 
with aptamer functionalization to form an immune complex 
was developed to analyze AβO40 in artificial CSF. Aptamer- 
modified MNPs could rapidly separate AβO40 from the 
substrate solution, while UCNPs provided a background up- 
conversion fluorescent signal. In the presence of AβO, an 
immune complex containing MNPs/UCNPs was formed, result
ing in a decrease in the up-conversion fluorescent intensity of 
UCNPs subjected to 980 nm laser excitation. This immunosen
sor could measure the concentration of AβO40 at LOD of 36 
pM within 30 min [67]. Along with Aβ, fluorescent biosensors 
continue to be exploited for the detection of Tau in the 
diagnosis of AD. These techniques include the use of immu
nosensor using quantum dots [68], the coupling of nanopar
ticle MNPs and fluorophores, the coupling of graphene oxide 
(GO) and fluorescein isothiocyanate labels [69,70], MNP-based 
digital ELISA [71] and near-infrared (NIR) fluorescent probes for 
NIR fluorescent imaging [72]. A redox-mediated fluorescence 
immunoassay was developed using dopamine-functionalized 
CuInS2/ZnS (CuInS2/ZnS–DA) quantum dots (QDs) as the fluor
escent probe for the detection of Tau in human serum (Fig. 
2B). CuInS2/ZnS core/shell QDs that were decorated with 
dopamine exhibited strong luminescent emission at approxi
mately 750 nm. The immunosensor consists of a captured 
DNA aptamer of Tau and a detected antibody conjugated 
with a tyrosinase enzyme. Fluorescence quenching of CuInS2 

/ZnS–DA QDs was triggered by dopamine quinone, which 
functioned as an effective electron acceptor transformed 
from dopamine by tyrosinase catalyzation of the tyrosinase 
conjugated antibody. The redox-mediated fluorescence immu
noassay could detect Tau at a concentration range of 10 pM to 
200 nM with LOD of 9.3 pM [68]. Digital ELISA for quantifica
tion of Tau was developed using MNPs. Tau was first captured 
by the complex MNPs@antibody and a secondary antibody- 
conjugated β-galactosidase enzyme. An enzyme fluorogenic 
substrate was added to the microarrays after the magnet- 
assisted loading of particles into microwell arrays 
was performed to achieve a fluorescent signal for the digital 
quantification of single molecules. Total Tau levels in blood 
plasma were measured at a LOD of 55 ± 29 aM, and this was 
5000-fold more sensitive than commercially available ELISAs 
[71]. An aptamer-based multiplex detection platform for the 
quantification of AD protein biomarkers was developed by 
employing an inducible fluorophore in combination with 
total internal reflection fluorescence microscopy. The recogni
tion of an aptamer-antibody pair provides high specificity for 
Aβ42, Tau441, and p-Tau181 detection at the femtomolar 
concentration range with LODs of 8.4, 4.3, and 3.6 fM, respec
tively [73]. An immunosensor using GO nanosheets and fluor
escein isothiocyanate-labeled Tau (Tau-FITC) was investigated 
for its ability to detect Tau. Tau-FITC is absorbed on the GO 
nanosheets, leading to the fluorescence quenching effect. The 
binding sites of Tau-FITC on the GO nanosheets were limited 
due to competition between Tau and Tau-FITC, resulting in 

the expression of a fluorescent signal from free Tau-FITC. This 
platform could restrict the use of labeled secondary antibodies 
to allow for protein recognition and optical signal generation, 
thus making it simpler and more sensitive (LOD 0.14 pM) than 
conventional ELISA [74]. This proposed luminescent biosen
sors hence provide sensitive and rapid sensing platforms for 
the detection of Aβ and Tau toward the accurate diagnosis 
of AD.

Colorimetric biosensors are highly attractive for use in 
point-of-care detections due to their ability to detect analytes 
through color changes that can be easily observed by the 
naked eye or using simple portable optical detectors for 
quantitative measurement. Gold nanostructures can be easily 
functionalized and display different colors depending on their 
size, shape, and state of aggregation. Based on this, they 
provide an excellent platform for the development of colori
metric biosensors [75]. Gold nanoparticles (AuNPs) and gold 
nanorods (AuNRs) were employed in immnunoassays to mea
sure the levels of Aβ peptides, AβO, and Aβ aggregations 
[76–78]. A colorimetric sandwich immunosensor specific for 
Aβ42 was developed based on the assembly of AuNPs, and 
a schematic illustration is shown in figure 2 C. AuNPs functio
nalized by dual anti-C/N-terminal Aβ42 antibodies were highly 
dispersed and exhibited a red color at an absorption peak of 
525 nm. The addition of Aβ42 into the antibody-AuNP solution 
initiated the sandwich immunoreaction, leading to the aggre
gation of AuNPs as indicated by an obvious color change from 
red to blue. Aβ42 could be measured even by the naked eyes 
at a concentration range from 7.5 to 500 nM with LOD of 
2.3 nM, suggesting a visual and much simpler sensing system 
compared to conventional ELISA [78]. Due to the extremely 
high affinity between Cu2+ ions and Aβ, cost-effective and 
rapid platforms for the diagnosis of AD were developed to 
detect Aβ using AuNPs and AgNPs [77]. AuNPs and AgNPs are 
efficiently adsorbed Aβ40 and Aβ42 monomers due to their 
large surface-to-volume ratio and electrostatic interactions, 
thus causing NPs to become stable and dispersed in the 
presence of Aβ. Cu2+ coordinates with the histidine residue 
at a position of 13 (or 14) on one Aβ and with the histidine 
residue at a position of 6 on the other Aβ [79] to facilitate 
aggregation formation of nanoparticle with Aβ in the surfaces. 
Label-free AuNPs and AgNPs sensor arrays could discriminate 
among Aβ42 and Aβ40 at a concentration range from 50 nM 
to 500 nM in human plasma samples [77]. A bio-barcode 
amplification assay was developed to detect Aβ-derived 
diffusible ligands (ADDLs) using a sandwich complex of anti
body-immobilized MNPs with double-strange DNA and Aβ 
antibody-modified AuNPs. After the release of DNA from 
a sandwich complex, the DNA was amplified and captured 
on a microarray using oligonucleotides that are complemen
tary to the DNA bio-barcode. Silver enhancement was used to 
intensify the signal after complementary oligonucleotide- 
functionalized AuNPs were applied. This bio-barcode assay 
could identify targets in CSF at LOD of 30 copies [80].

SPR-based biosensors hold potential in the context of high 
sensitivity surface plasmons excited at a metal-dielectric inter
face to a change in the refractive index of the dielectric. When 
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Table 2. Summary of nanomaterial-based electrochemical biosensors of Aβ and Tau.

Platform Biomaterials Nanomaterials Targets Biological sample LOD Refs

Si/SiO2 Antibody Au-SWCNT Aβ Serum 1 pg/mL [106]
ITO Antibody Mn: CdSe-Bi2WO6/CdS Aβ Serum 0.068 pg/mL [131]
Glass wafer Antibody Si/SiO2/Ti/Pt Aβ - 8.15 fM [134]

ITO - AuNPs Aβ Mouse brain 20.7 ng/g [137]
IDE-Au Antibody - Aβ - 10 pM [140]

SPE Antibody Graphene/rGO Aβ40 Human plasma 
Mouse plasma

2.398 pM [114]

Gold electrode Aptamer SA-AuNPs Aβ40 Artificial CSF 93.0 pM [138]
GCE Peptide ABTS-PDDA/CNTs Aβ42 Rat plasma 

Rat hippocampus
0.5 ng/mL [107]

SPE Antibody CNT-Cu Aβ42 Serum 0.4 pg/mL [108]
SPE Antibody MCd/PANI/Au Aβ42 - 0.20 ng/mL [109]
GCE Antibody Au/NiFe2O4@GO-CS Aβ42 CSF 3.0 pg/mL [112]

GCE Antibody G/Co9S8‒Pd Aβ42 Artificial CSF 41.4 fM [113]
Gold electrode Antibody GO@MNP Aβ42 - 5.0 pg/mL [115]

Paper-based Biopolar electrode - − Aβ42, AβO42 Mouse CSF 100 pM [122]
Gold electrode Antibody CSIPs Aβ40 

Aβ42
Mouse serum 6.63 pg/mL 

3.74 pg/mL
[123]

IME Antibody AuNPs Aβ42 Mouse plasma - [125]

ICE Antibody - Aβ42 Human serum 
Human CSF

100 pg/mL 
500 pg/mL

[126]

GCE Antibody Luminol@SnS2 

Cu-WO3-Au
Aβ42 Human CSF 5.4 fg/mL [127]

GCE Antibody MnCO3/PDDA/Au AβO42 Human CSF 19.95 fg/mL [129]

GCE Antibody Fe3O4@PPy-Au 
Co-MOFs/ABEI-Au

Aβ42 Human serum 3 fg/mL [130]

SPE Antibody AuNPs Aβ42 Human serum 
Human plasma

100 fM [132]

Gold electrode Antibody AuNPs Aβ42 - 5.2 pg/mL [135]
Gold electrode PrP95–110 peptide PPyCOOH/Au AβO Mouse brain 0.1 fM [149]

Gold-SPE PrP95–110 peptide POPA AβO CHO cell cultured medium 0.5 pM [124]
Gold rod electrode Aptamer - AβO Artificial CSF 0.03 nM [128]

Gold electrode PrP95–110 peptide AuNPs AβO Serum 45 pM [133]
Gold electrode PrP95–110 peptide AgNPs AβO Serum 

Artificial CSF
6 pM [136]

Ni foam - Curcumin-Ni AβO Artificial CSF 0.1 nM [139]

SPE Aptamer CG-Th-AuNPs Tau381 Serum 0.70 pM [118]
Gold electrode Antibody 

Aptamer
AuNPs Tau381 Human serum 0.42 pM [143]

Gold electrode Antibody MWCNTs-rGO-CS, 
AuNPs

Tau441 Serum 0.46 fM [116]

ITO Antibody GO-AuNPs Tau441 CSF 
Serum

0.091 pg/mL [117]

GCE Antibody Cu2+/PTSA@rGO Tau441 Human serum 75 fM [119]
Gold electrode Antibody - Tau441 - - [142]

Gold electrode Antibody - Tau441 Human serum 0.03 pM [144]
Gold electrode Tau peptide - Tau441 - 1 nM [145]
Fluorine-doped ITO Antibody FeOOH/Mo:BiVO4 Total Tau Human plasma 1.59 fM [141]

Gold film Antibody - Total Tau Human serum - [146]
CNT Antibody SWCNT@Cr/Au/SiO2 Aβ42 

Aβ40 
t-Tau 
p-Tau181

Human blood 2.13 fM 
2.20 fM 
2.45 fM 
2.72 fM

[120]
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a biomolecular interaction occurs, the refractive index near the 
surface is replaced in a manner that is related to the concen
tration of the analytes [81]. To achieve higher sensitivity with 
lower LOD, SPR structures have been investigated using 
AuNPs, Au nano-urchins, and AuNRs [82,83]. Due to the obser
vation that the plasmon resonance wavelength on the surface 
of the nanoparticle depends upon shape, size, and local 

refractive index surrounding Au nanostructures, SPR wave
length can be easily altered by modifying the shapes and 
sizes of Au structures without the need for any dye. Nano- 
urchins with sharp spiky morphology exhibit advantages over 
spherical metal nanoparticles by providing a larger surface 
area for the binding of biomarkers and a stronger localized 
field enhancement that provides the structure with improved 

Figure 4. The procedure of the Au/NiFe2O4 nanoparticle-decorated graphene oxide-based immunosensor fabrication. Adapted with permission from Ref [113]. B) 
Schematic illustration of the carbon nanomaterials and gold nanoparticle-based signal multi-amplified immunosensing assay for Tau441 detection. Adapted with 
permission from Ref [117]. C) The preperation and detection process of multiplex densely-aligned CNTbased biosensors for simultaneous detection of Aβ42, Aβ40, t- 
Tau, p-Tau181. Adapted with permission from Ref. [121].
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sensitivity. Due to these benefits, Au nano-urchin-based LSPR 
was then used to detect Aβ42 fibrillation. The fibrillation 
process was analyzed based on the reduction of the LSPR 
peak intensity [83]. Gold nanorods with guanidine hydrochlor
ide as a chaotropic agent were employed to analyze Tau at the 
femtomolar levels using LSPR. Guanidine hydrochloride hin
ders other proteins from concealing the epitope of Tau in 
blood plasma, thus overcoming this obstacle in blood- 
plasma-based AD diagnostics by disordering water molecule 
networks and weakening the hydrophobic interactions 
between proteins. This platform exhibits highly sensitive 
detection of Tau in plasma despite the observation that this 
biomarker is present in 10- to 100-fold lower concentrations in 
plasma compared to its levels in CSF [84]. This immunoassay 
uses an SPR fiber sensor with an Au film coated in the core of 
a multimode optical fiber to measure Tau, including total Tau 
and phosphorylated Tau, at LOD of 2.4 pg/mL and 1.6 pg/mL, 
respectively [85]. A DNA aptamer/antibody sandwich immu
noassay was used to detect human Tau381 in undiluted 
plasma at concentrations as low as 10 fM, representing a 1000- 
fold performance enhancement for SPR compared to ELISA 
[86]. Another sandwich immunoassay was performed for the 
detection of Tau using multi-walled carbon nanotubes 
(MWCNTs) as mass enhancers based on SPR sensors. This plat
form could significantly amplify signals to detect Tau concen
trations as low as 125 pM [87]. To enhance the diagnostic 
accuracy of AD, a selective non-labeling platform for the 
detection of Aβ40, Aβ42, and Tau was developed using nano
plasmonic sensors that incorporate distinct LSPR (Fig. 3A) [82]. 
This sensor utilizes three different shapes and sizes of gold 
nanostructures including Au nanospheres (54 nm diameter) 
and Au nanorods (8.5 × 96 nm and 34.7 × 124.8 nm) in 
conjunction with functionalized specific antibodies. Gold 
nanostructures were incubated with ethanolamine to block 
nonspecific binding; then AD biomarkers were added and 
incubated for 1 hour. The plasmon shift Δλmax of the LSPR 
spectra was determined using a CCD camera. A one-step 
multiple detection LSPR system could directly quantify the 
concentration of AD biomarkers with LOD of 34.9 fM for 
Aβ40, 26 fM for Aβ42, and 23.6 fM for Tau, suggesting that 
this system provided a highly sensitive, rapid, and simple 
format for the early diagnosis of AD [82]. Although SPR has 
been investigated for its ability to detect picomolar concen
trations of a number of biomarkers [88], only a few studies 
exist that examined the detection of Aβ and Tau in biofluid 
samples for the diagnosis of AD [82–87]. Nanomaterial-based 
SPR functions as the sensitive and label-free detection plat
form for Aβ and Tau in early diagnosis of AD with high 
advantages compared to conventional techniques that require 
binding additives or fluorescent biomarkers.

SERS has recently become a highly active research area 
in the field of biosensors. SERS substrates play a key ele
ment in SERS experiments. To enhance the Raman scatter
ing signal, plasmonic nanostructure amplification has been 
exploited for use in optical sensor fabrication [89]. Several 
SERSs were reported to detect Aβ peptides, oligomers, and 
fibrils using nanostructures such as AuNPs [90], 

AuNPs@polystyrene [91], SiNR@AuNPs [92], MNPs, and GO 
[93]. Three-dimensional (3D) nanostructures, such as 3D Si- 
based SERS substrates, can increase the density of plasmo
nic nanostructures to supply large interspace enhancement 
for the detection of label-free Aβ fibrils. Aβ fibrils were 
detected using large-scale ordered hexagonal-packed SiNR 
arrays that were functionalized with homogeneous AuNPs 
(SiNRs@AuNPs) by receiving Raman signals at a single-fibril 
level. By changing the diameter of SiNRs, the resulting long 
decay length (>130 nm) of the enhanced electric field 
causes the SERS substrate to function as a zero-gap system 
for Aβ fibril detection. The contribution of plasmonic AuNPs 
to SiNRs supplied reproducible Raman signals to allow for 
high sensitivity in the detection of large-sized Aβ fibrils [92]. 
In another SERS platform, the excellent sensing properties 
of AuNPs were exploited. Hybrid gold-decorated polystyrene 
beads were immobilized with an effective metallorganic 
Raman chemoreceptor that was composed through the 
coordination of Al3+ ions and 4-mercaptobenzoic acid 
(MBA). This MBA-Al3+ complex supplied effective adsorption 
sites for oligomer interaction. The adsorption of AβO onto 
the metallorganic MBA-Al3+ complex results in characteristic 
changes in the SERS profile that are quantitatively propor
tional to the concentration of the HypF-N oligomers [91]. 
SERS-based magnetic sandwich immunosensors were 
employed using MNPs and AuNPs with DTNB as the 
Raman reporter to detect Tau in the femtomolar range 
[94,95]. The nanohybrid formation between two nanoparti
cles after the addition of Tau provided the SERS signal from 
the Raman reporter in a Tau-concentration dependent man
ner (Fig. 3B). The LOD of the SERS-based magnetic immu
nosensor was 25 fM within several minutes [94]. 
Furthermore, SERS has been demonstrated to be an excel
lent technique for the simultaneous detection of multiple 
biomarkers. Plasmonic nanostructures are commonly utilized 
to amplify the signal of the Raman reporter based on the 
strong local electromagnetic field enhancement near their 
surfaces. The SERS-based simultaneous detection of AβO42 
and Tau protein was performed using 5,5′-dithio-bis(2-nitro
benzoic acid) (DTNB) Raman dye-coded polyA aptamer- 
AuNPs conjugates. AuNPs@PAapt@DTNB conjugates are 
synthesized by successively self-assembling non-fluorescent 
Raman dyes and polyA block oligonucleotides on the sur
faces of AuNPs. In the presence of AD biomarkers, the 
specific binding of aptamers to proteins results in the 
detachment of polyA block oligonucleotides from AuNP 
surfaces, ultimately leading to aggregation of AuNPs that 
exhibit significantly strong SERS signals. This platform dis
plays excellent analytical performance regarding the detec
tion of Tau protein and AβO42 at levels as low as 0.42 fM 
and 3.7 pM, respectively, within 15 min, thus allowing rapid 
and sensitive detection of protein biomarkers for AD diag
nosis [90]. Magnetic core-plasmonic shell nanoparticle- 
decorated hybrid GO was developed for the selective 
separation of AD biomarkers from whole blood samples 
and subsequent measurement through label-free SERS. 
Due to the strong plasmonic shell of Au and the large 
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surface area of GO, these nanoparticles exhibited extremely 
high adsorption toward the target molecules to allow for 
sensitive SERS detection of Aβ and Tau after magnetic 
separation, even at the 100 fg/mL level. The high sensitivity 
achieved by this method primarily depends upon the strong 
plasmon-coupling that generates large amplified electro
magnetic fields [93]. The SERS platform for detecting AD 
biomarkers possesses advantages over current methods, 
such as ELISA, LSPR, and chromatography, including label- 
free methodology and rapid detection using cost-effective 
substrate fabrication technique to provide accurate and 
ultrasensitive detection of Aβ and Tau for the early diagno
sis of AD.

Several other optical biosensors were also used to detect Aβ 
through applications including dark-field microscopy [96], scan
ning tunneling microscopy (STM) [97], and NIR fluorescent ima
ging [98]. Dark-field microscopy was utilized to detect Aβ fibrils 
using AuNP aggregation with LOD of 40 pM, showing 
higher sensitivity compared to the probe dye method [96]. 
AuNPs-based scanning tunneling microscopy was also devel
oped based on immunocomplexes comprising Aβ42 and anti
body-conjugated AuNPs for monitoring Aβ42. The frequency of 
the pulse-like peak is dependent upon the surface density of 
the localized AuNP conjugates, which is directly correlated with 
the concentration of Aβ42 at range of 10 fg/mL – 1 µg/mL and 
LOD of 10 fg/mL [97]. Based on the strong affinity toward Aβ 
peptides, the acid-functionalized cyanine SLCOOH was synthe
sized and functionalized onto the Fe3O4@SiO2 MNPs to fabricate 
the dual-modal nanoprobe by integrating fluorescence cyanine 
sensors with MNPs-based MRI probe for imaging of Aβ species 
in vivo (Fig. 3 C). Due to the strong binding interactions between 
Aβ species and the cyanine fluorophore that exhibited a large 
fluorescence enhancement at 650 nm in the NIR region and the 
MRI signal, this nanoprobe was successfully applied for in vivo 
fluorescence imaging with high sensitivity and selectivity to Aβ 
species. Additionally, MRI with high spatial resolution was used in 
a mouse model for real-time monitoring of Aβ species [98]. These 
optical imaging methods provide potential tools for early AD 
detection.

4. Electrochemical biosensors for Aβ and Tau 
biomarkers of Alzheimer’s disease

Electrochemical platforms are widely favorable for use in the 
detection of Aβ and Tau due to the simplicity of their man
ufacture, low-cost, portability, and high sensitivity [99]. 
Typically, an electrochemical sensing system consists of two 
main parts: a biological recognition element (antibody, 
enzyme, and nucleic acid) selectively reacting with the tar
geted molecules and an electrode that serves as the signal 
transducer to convert the molecular recognition of the target 
analyte into an electrical signal. To maximize the signal 
transduction efficiency, various chemical modification meth
ods have been applied to the electrode, including the addi
tion of functional nanomaterials [100,101] or the fabrication 
of different types of nanoparticles [102,103]. Appropriate 
immobilization should result in high-performance and low- 

cost detection systems, which are typically through the utili
zation of proper functional materials for the electrode. Based 
on these modification criteria, different nanostructures for 
modified biosensors (summarized in Table 2) have been 
developed, enabling the early diagnosis of AD through the 
quantification of low-abundance AD biomarkers.

Carbon nanomaterial-based devices are among the most 
broadly applied biosensors due to their unique electrochemi
cal properties including large functional surface area, high 
electrical conductivity, and low cost. Carbon nanotubes 
(CNTs), for example, are one of the most exciting materials 
used in biosensor applications due to their advantageous 
mechanical and electronic properties [104,105]. Numerous 
modifications of CNTs have been performed, including CNT 
fabricated with a metal semiconductor field effect transistor 
structure [106] and the creation of 2,2ʹ-azinobis-(3-ethyl
benzthiazoline-6-sulfonate) and poly (diallyldimethylammo
nium chloride) – bifunctionalized SWCNTs (ABTS-PDDA/CNTs) 
[107] that exhibit the improved performance of the resultant 
sensing system in regard to detecting different isoforms of Aβ 
and Tau. A CNT-based electrode containing a copper-CNT- 
modified carbon surface was proposed for Aβ42 recognition 
in the serum samples [108]. The sensor fabrication procedure 
was initiated by decorating functionalized CNTs with CuO NPs 
to form a nanocomposite on the surface of carbon working 
electrode area (CNT-Cu/C-SPE). A monomeric aniline-linked 
plastic antibody against Aβ42 was then immobilized on the 
nanocomposite to obtain a molecularly imprinted polymer 
material (MPan/Aβ42/CNT-Cu/C-SPE). This redox probe-free 
sensing system possessed improvements in terms of sensitiv
ity for Aβ42 detection in human serum samples with lower 
LOD (0.4 pg/mL) compared to that reported by previous stu
dies using the same plastic antibody-based platform (LOD 
0.20 ng/mL) [109].

Another carbon nanomaterial, graphene and its derivatives 
(i.e. GO and reduced GO [110]) have been adopted as electro
des for the construction of electrochemical biosensors due to 
their reversible electrical oxidation and reduction, high specific 
surface area, and outstanding conductivity [111]. Based on the 
high synergistic effect between GO and metal oxide particles, 
the unique electronic properties of GO can be tailored by 
coating it with metal NPs [112,113]. Devi and coworkers devel
oped a glassy carbon electrode that was modified using 
a AuNPs/nickel ferrite decorated GO-chitosan nanocomposite 
(Au/NiFe2O4@GO-Ch) for Aβ42 quantification [112]. As shown 
in Fig. 4A, the working electrode was modified by coating 
Au/NiFe2O4@GO-Ch composite, followed by immobilization 
of Aβ antibody. After a blocking step with BSA, the electrode 
was incubated with different concentrations of Aβ42 peptides, 
and the electrochemical response was measured by electro
chemical impedance spectroscopy, differential pulse voltam
metry, and cyclic voltammetry. The immunosensor exhibited 
superior sensitivity for the clinical detection of Aβ42 in the CSF 
with low LOD of 3.0 pg/mL, and a wide linear range of 1 pg/ 
mL to 1 ng/mL was obtained after a 30 min incubation of 
Aβ42 with the immunosensor, suggesting synergistic electro
catalysis between Au/NiFe2O4 NPs and Ch-modified GO in this 
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sensing model. To improve the specific surface area as well as 
sensor’s selectivity and stability, several sensors were fabri
cated by assembling GO and rGOGO and rGO into multi
layered nanocomposite. Sethi’s groups reported for the first 
time the combination of GO and rGO into one sensing system, 
and this system exhibited rapid and significantly higher sensi
tivity for the specific detection of Aβ40 in both spiked human 
and mice plasma samples with low LOD of 2.398 pM that 
could be detected after a 60 min incubation with the sensor 
[114]. These results represented a significantly improved per
formance compared to that of GO SPE alone [115]. Recently, 
the functionalization of graphene using a highly active Co9S8 

compound was designed for use in another electrochemical 
sensor. To facilitate the electron transferability of the sensing 
platform and to enhance the electrocatalytic activity toward 
the H2O2 redox reaction, palladium nanoparticles were doped 
onto a graphene surface, resulting in G/Co9S8-Pd nanocompo
sites that exhibited a remarkable sensitivity for Aβ detection in 
artificial CSF samples, where the LOD was 41.4 fg/mL [113]. 
The use of carbon nanomaterials in such sensing platforms 
allows for considerable advances in rapidity, selectivity, and 
sensitivity, thus highlighting their potential applications for 
use in early diagnosis AD.

Despite the superior features of carbon nanomaterials, only 
a few biosensing systems have been proposed for the quanti
fication of Tau-employing carbon nanomaterial-based meth
ods [116–119]. Notably, the co-assembly of MWCNT and rGO 
as a hybrid has been exploited, resulting in a nanocomposite 
that exhibits much higher electrical conductivity and a larger 
specific active area. Li and colleagues introduced an electro
chemical sensor based on biocompatible chitosan-decorated 
MWCNT-rGO (MWCNT-rGO/CS) for the detection of Tau441 in 
the serum of patients with AD [116]. The procedure used for 
this sensor fabrication is illustrated in Fig. 4B. The nanocom
posite MWCNT-rGO/CS was bonded onto the electrode sur
face, followed by the immobilization of a specific antibody 
against Tau441. The combination of MWCNT-rGO and chitosan 
provides not only more specific surface area and improved 
dispersibility of the nanocomposite but allows stable binding 
of antibodies on the modified electrode. To achieve further 
signal amplification, AuNPs were used to modify the Tau441 
protein. This multi-amplified sensing system exhibited 
a satisfactory sensitivity with LOD as low as 0.46 fM and was 
used for successful application in the human serum. In another 
study, for the determination of Tau441, rGO-Au nanocompo
sites were integrated, and the anchoring compound 11- mer
captoundecanoic acid (11-MUA) was used to facilitate strong 
covalent interaction between rGO and Au. Subsequently, anti- 
Tau antibody was immobilized onto the nanocomposite, 
allowing a specific detection of Tau441. As a result, 
a biosensor with a highly repeatable and reproducible capa
city for Tau441 analysis in both CSF and serum was 
achieved [117].

Currently, almost all electrochemical sensors for AD marker 
detection were designed to target a single analyte. However, 
to increase the diagnostic reliability and accuracy, a multiplex 
detection approach is more desirable. Recently, a CNT-based 

multiple detection platform for the simultaneous detection of 
Aβ42, Aβ40, t-Tau, and p-Tau181 was developed [120] (Fig. 
4 C). For the sensor fabrication, first, SWCNTs were repeatedly 
compressed and rebounded for 10 cycles to form densely 
aligned CNT monolayer films. The CNT films were then inte
grated with metallic source and drain electrodes and modified 
with specific antibodies against Aβ42, Aβ40, t-Tau, or 
p-Tau181. This densely packed multiplex sensor showed 
great performance with accurate and reliable detection 
of AD biomarkers at the lowest-recorded LOD in the femto
molar range (2.13 to 2.72 fM). The clinical validity of this sensor 
was also examined through measuring the analytes in pooled 
blood plasma. The results showed a change in array’s resis
tance which is correlated to the change of biomarker levels 
within a clinically related range, suggesting the applicability of 
the sensor array in clinical detection of AD multiple 
biomarkers.

It must be noted that carbon material, once functionalized, 
may undergo an extensive reduction in an active surface, and 
this can lead to an increased background current that can 
reduce the LOD [121]. Furthermore, a low dissolving rate and 
a high accumulation tendency are the other drawbacks of 
carbon-based surfaces [121] during clinical assays. To over
come these limitations, other non-carbon materials have 
been adopted for the detection of Aβ, including light-switch 
molecule-integrated bipolar electrode electrochemilumines
cence materials [122], conductive hydrogel polymer fibers 
[123], electropolymerized functionalization 173 materials 
[124], metal nanoparticles (NPs) [125–138], natural compound- 
metal NPs [139], and self-assembly monolayer-based [140] 
electrode modifications. Based on the excellent properties of 
peroxidase mimics, such as high stability against pH and 
temperature compared to those properties in natural 
enzymes, a luminophore/coreactant/co-reaction accelerator 
ternary electrochemiluminescence system has been devel
oped [130]. As shown in Fig. 5A, a prepared Fe3O4@PPy-Au 
composite was coated onto glassy carbon electrodes (GCE) 
followed by incubation with an Aβ42 capture antibody. 
Another nanocomposite containing a functionalized metal- 
organic framework (Co-MOFs/ABEI-Au) that acts as a co- 
reaction accelerator for the catalysis of H2O2 decomposition 
was decorated with an Aβ42 detection antibody. Aβ42 con
centrations were measured using an MPI-F flow-injection che
miluminescence detector based on a sandwiched 
immunoreaction. After a 40 min incubation of Aβ42 in the 
sensor, an ultralow LOD of 3 fg/mL was obtained with a wide 
range of 10 fg/mL-100 ng/mL. Another metal NPs, MnCO3 with 
excellent electrochemiluminescence (ECL) property has also 
been exploited [129]. MnCO3 nanospheres were used as 
a novel luminophore that exhibited high biocompatibility, 
high stability, and low toxicity. Polydimethyldiallylammonium 
chloride functionalized MnCO3 (MnCO3/PDDA) was combined 
with AuNPs to form a MnCO3/PDDA/Au composite. To 
improve antibody stability and sensitivity, an HC-7 heptapep
tide was used. The biosensing platform was successfully 
applied for the analysis of Aβ in human CSF samples with 
very low LOD (19.95 fg/mL), and the detected signal was 
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almost unchanged after more than 30 min of incubation with 
Aβ in the sensor. Given the greatly improved performances of 
the sensing devices mentioned above, non-carbonaceous 
materials are highly recommended for the development of 
electrochemical platforms that can specifically and accurately 
detect Aβ levels during AD progression.

The utilization of such metal NPs for sensor fabrication also 
showed superior sensitivity toward the detection of low- 
abundance Tau proteins [141–146]. The excellent signal amplifi
cation properties of AuNPs have been successfully employed in 
an aptamer-antibody sandwich-based electrochemical sensing 
array for the detection of Tau381 in human serum (Fig. 5B) 
[143]. The gold electrode was first modified with 

mercaptopropionic acid (MPA) to improve the stability of the 
antibody. The anti-tau antibody-modified electrode was then 
allowed to immunoreact with Tau381 protein, followed by an 
affinity interaction with aptamer-Au-chitosan-bioconjugate. The 
level of Tau381 in the serum was assessed by differential pulse 
voltammetry. The proposed biosensor exhibited rapid, simple, 
and highly sensitive performance with LOD of 0.42 pM for the 
detection of Tau381 in biological samples, and the response was 
stable for up to 45 min. Most notably, a novel platform that 
allowed for extremely sensitive detection of total Tau in the 
blood plasma of patients with AD was introduced [141]. As 
shown in Fig. 5 C, the detection platform was fabricated using 
a ternary oxide-based semiconducting material-BiVO4 

Figure 5. The preparation process of Cobalt-based metal-organic frameworks for Aβ42 detection. Adapted with permission from Ref. [131]. B) The preparation 
procedure for Tau381 detection using the aptamer-antibody sandwich assay. Adapted with permission from Ref. [144]. C) The fabrication process of the water 
oxidation-coupled, FeOOH/Mo:BiVO4-based photoelectrochemical sensing system used for Tau detection. Adapted with permission from Ref. [142].
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photoelectrode that exhibits substantial absorption of visible 
light and good performance regarding water oxidation. To accel
erate electron-hole separation in the BiVO4 electrode, the hex
avalent Mo ion was doped onto the BiVO4 surface (Mo:BiVO4). 
This surface was then decorated with an electrocatalyst FeOOH 
layer to facilitate the water oxidation reaction (FeOOH/Mo:BiVO4) 
. To enhance the degree of photocurrent signal, a sandwich-type 
sensing assay consisting of a detection antibody (Tau5 antibody 
conjugated with FeOOH/Mo:BiVO4 nanocomposite) and an HRP- 
labeled capture antibody (Tau46 antibody) was utilized. In the 
presence of t-Tau, the photocurrent signal was amplified via 
peroxidase-catalyzed oxidation of 3,3ʹ- diaminobenzidine. As 
a result, a highly accurate and ultrasensitive detection of t-Tau 
was achieved after a 60 min incubation of t-Tau in the sensor 
with LOD down to femtomolar concentrations (1.59 fM). This 
system represents a new, accurate, and sensitive approach for 
the quantification of low-abundance Tau protein in the samples 
of patients with AD.

Polymer is another material currently used for electrode 
modification that offers high biocompatibility [147] and high 
mechanical properties [148]. Several polymer-modified elec
trochemical sensors have been fabricated for the detection 
of AD biomarkers. Typically, the electroactive polymer poly 
(1-(2-carboxyethyl)pyrrole) (PPyCOOH) was used in couple 
with cellular prion protein PrP95–110 peptide for the detection 
of AβO [149]. The sensor was fabricated by integrating 
PPyCOOH on the surface of gold electrode, followed by the 
immobilization of PrP95–110 as a biorecognition element. The 
binding of PrP95–110 peptide and AβO leads to the change in 
the EIS curve, which is proportional to the concentration of 
AβO. This sensing platform allowed a broad range of detection 
(10−7 to 10 nM) with LOD of 10−7 nM. The sensor also exhib
ited high selectivity toward AβO detection in compared to Aβ 
monomer and fibril. Other types of polymer materials were 
exploited for the development of electrochemical sensors that 
showed sensitive detection of different isoforms of Aβ. These 
include the utilization of electropolymerized Poly(3,4-ethyle
nedioxythiophene) (PEDOT) linked with conductive silk fibroin- 
based immunoparticles (CSIPs) [123] or co-polymer of polytyr
amine/3-(4-hydroxyphenyl) propionic acid (POPA)-attached 
biotin-PrP95–110 peptide [124]. These polymer-modified sen
sors exhibited ultrasensitive measurement of either AβO in 
conditioned medium [124] or Aβ42/Aβ40 in AD mouse brain 
in vivo model [123]. The application of these new materials 
with great properties for electrochemical sensor fabrication 
has offered numerous advantages toward the accurate, sensi
tive and selective detection of core biomarkers during early 
onset of AD in simple, rapid and low-cost procedures.

5. Clinical applicability of nanobiosensors for Aβ 
and Tau in accurate AD diagnosis

The changed levels of CSF Aβ and Tau have been used as 
clinical criteria for AD diagnosis, providing accurate diagno
sis of AD. Accumulating data have demonstrated the clinical 
value of these markers in the early diagnosis of AD progres

sion. While Aβ42 has been well known as a key molecule 
in AD hallmarks, the concentration ratio between Aβ42/ 
Aβ40 [150] and p-Tau181/Aβ42 [151] have proven a more 
accuracy in the identification of AD compared to single 
ones. The ratio of Aβ42/Aβ40 has shown ≥80% accuracy 
for the discrimination of AD with other neurodegenerative 
dementia syndromes [152,153]. Similarly, the combination of 
p-Tau181-to-Aβ42 ratio has aided correct differentiation 
of AD from non-AD dementia with 86% accuracy [151] 
and AD from healthy control (92%) accuracy [154]. 
Therefore, multiple-marker detection is currently desirable 
to improve the diagnosis accuracy of AD at the early disease 
stage. To increase the clinical validity of AD diagnosis, sev
eral strategies have been employed for developing simulta
neous detection platforms of multiple biomarkers 
[70,73,82,90,93,120,155]. These advancements include the 
immobilization of monoclonal antibodies on different 
metal nanoparticle-based nanocomposites or the conjuga
tion of hybrid antibody/aptamer on metal NPs, which pro
vide superior performance compared to conventional 
detection methods, thereby allowing detecting Aβ and Tau 
simultaneously and accurately. Even though most of these 
sensing platforms are limited to spike sample or artificial 
CSF detection only, these emerging biosensors promise to 
ensure clinically standardized diagnostic assessment for AD. 
Among the currently developed biosensors, a couple of 
sensing platforms have been successfully applied for clinical 
use. Demeritte and colleagues have developed 
a multifunctional GO-hybridized plasmonic-magnetic nano
platform capable of selectively capturing more than 98% Aβ 
and Tau in whole blood samples, indicating its reliability in 
clinical diagnosis [93]. Other turn-on fluorophore sensors 
were fabricated using specific antibodies coupled magnetic 
NPs, showing their practical utility in different body fluids, 
including serum, CSF, urine, saliva [70,73]. These sensors 
could precisely and simultaneously detect Aβ42 and 
Tau441 in the human clinical samples, showing the detec
tion sensitivity comparable to that obtained by ELISA [73] 
and allowing a clear distinguishment of AD patients from 
young control and elderly control groups [70]. Notably, 
a densely aligned CNT-based electrochemical sensing array 
for multiplex detection of Aβ42, Aβ40, t-Tau, p-Tau181 was 
recently developed [120]. The distinct property of this sen
sing system is the immobilization of four different bioele
ments into a single closely aligned CNT that allowed the 
simultaneous detection of AD core proteins at ultra-low 
levels. The clinical applicability of this sensing array was 
validated on AD patients and healthy controls. Importantly, 
when using a single biomarker, the sensing system exhib
ited a range of sensitivity and selectivity from 70.0% to 
88.3%, which is not sufficient for the differentiation 
between AD patients and healthy controls. Whereas, by 
simultaneously detecting multiple biomarkers, the sensing 
array showed excellent clinical applicability as it successfully 
identifies the AD patients with an average accuracy of 
90.2%. Conclusively, the combination of core biomarkers 
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Aβ and Tau provides more accurate and sensitive detection 
of AD, thereby holding potential clinical applicability for the 
diagnosis of early onset AD.

6. Conclusion

This review provides an overview of the cooperation between Aβ 
and Tau pathological pathways and summarizes the most recent 
nanomaterial-based optical and electrochemical biosensors used 
for the detection of these validated biomarkers for the early 
potential diagnosis of AD. Aβ and Tau pathological pathways 
suggest that these proteins are beneficial biomarkers for use 
in AD diagnosis. Advanced optical and electrochemical biosensors 
that incorporate nanostructures exhibit outstanding advantages 
in the early diagnosis of AD, thus making them preferable biosen
sors compared to conventional approaches. These biosensing 
platforms may become a standard for the clinical diagnosis 
of AD with high potential for global applicability and will open 
doors for efficient AD control to eliminate the economic and social 
burdens of AD.

7. Expert opinion

To date, the global increase in life expectancy has also increased 
the risk of disease, dementia, disability, and age-related diseases. 
In particular, AD is a growing epidemic that represents the primary 
cause of dementia worldwide and has resulted in an astronomi
cally devastating socioeconomic burden. Unfortunately, the diag
nosis of AD routinely occurs after the appearance of irreversible 
damage to the brain. Therefore, the development of sensitive 
diagnostic tools is highly desirable to achieve an early and accu
rate diagnosis of AD to prevent irreversible and uncontrollable 
consequences. AD biomarkers, particularly Aβ and Tau that pos
sess important early diagnostic value, exhibit promising potential 
in routine clinical diagnostics for the early diagnosis of AD. 
Advanced nanomaterial-based biosensors for AD have demon
strated great advantages such as ultralow detection sensitivity, 
rapid detection time, and the elimination of expensive instru
ments compared to conventional approaches. A number of opti
cal and electrochemical biosensors have been successfully 
developed to quantify Aβ and Tau at ultralow femtomolar or 
picomolar concentrations, and this is thought to be sufficient for 
accurate monitoring of AD before the manifestation of clinical 
symptoms. Nanomaterial-based optical biosensors, including col
orimetric, fluorescent, SPR, and SERS-based sensors, possess 
advantages in that they provide label-free and real-time sensing 
platforms with ultrasensitivity in the early diagnosis of AD. On the 
other hand, the advantages of the fabrication of electrochemical 
biosensors using nanostructures include robustness, easy minia
turization with excellent sensitivity and the need for only small 
analyte volumes. Although the levels of Aβ and Tau biomarkers in 
CSF are estimated with higher accuracy and can be achieved 
earlier with regard to brain tissue damages compared to those 
in plasma, an invasive procedure of lumbar puncture is required to 
obtain CSF samples for biomarker detection. Hence, recently 
developed nanomaterial-based optical and electrochemical bio
sensors possess the potential to provide adequate sensitive 

diagnostic tools for the detection of Aβ and Tau biomarkers in 
plasma with less invasive sampling methods. Moreover, 
a significantly higher concentration of Aβ and Tau was observed 
in saliva [156], tear [157], nasal secretions [158,159] of AD patients 
than that of normal people. These biofluids could supply as good 
noninvasive sources to detect these AD biomarkers, leading to an 
efficient noninvasive approach to monitor AD. It is also worth 
noting that most biosensors have been generated to detect 
a single biomarker at a given time, resulting in insufficient criteria 
to achieve more definitive conclusions. In 2018, the National 
Institute of Aging and Alzheimer’s Association emphasized 
the AD’s diagnostic criteria for grouped biomarkers (β amyloid 
deposition, pathologic Tau, and neurodegeneration) as secondary 
diagnostic tool. The measurement of Tau alone is not sufficient 
for AD confirmation because Tau is also an indicator for other 
neurological diseases. The combination of Aβ, T-Tau, and P-Tau is 
recommended for the accurate diagnosis of syndromal cognitive 
staging [5]. We believe that in the future, nanosensor platforms 
capable of detecting multiple AD biomarkers will be intensely 
developed to increase diagnostic validity and achieve a more 
reliable clinical conclusion. It is also expected that more efficient 
sensor devices integrating various nanomaterials for simultaneous 
recognition of multiple AD biomarkers will emerge in the not-so- 
distant future to achieve higher clinical sensitivity and specificity. 
Nanomaterial-associated diagnostic platforms that can rapidly 
detect multiple biomarkers of AD and that possess excellent 
clinical sensitivity and specificity will ultimately allow for the com
mercialization of biosensors for point-of-care diagnosis of AD. 
Additionally, the medical internet-aided diagnosis that incorpo
rates the use of reusable wearable sensors for AD biomarkers may 
ultimately improve the accurate clinical diagnosis of AD by facil
itating remote patient monitoring. These nanobiosensor strategies 
will drive the next wave of innovative diagnosis of AD to provide 
significant contributions to primary Alzheimer’s care intervention.

Funding

This research was funded by National Research Foundation of Korea (NRF- 
2018M3A9F1023691, 2019R1G1A1100610, and 2020M3A9E410438511).

Declaration of interest
The authors have no relevant affiliations or financial involvement with any 
organization or entity with a financial interest in or financial conflict with 
the subject matter or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or options, expert 
testimony, grants or patents received or pending, or royalties.

Reviewer disclosures
Peer reviewers in this manuscript have no relevant financial or other 
relationships to disclose.

References

1. World Health Organization (WHO) (2020) “Dementia.” [cited 2020 
Sep 21]. Available from https://www.who.int/news-room/fact- 
sheets/detail/dementia

EXPERT REVIEW OF MOLECULAR DIAGNOSTICS 189

https://www.who.int/news-room/fact-sheets/detail/dementia
https://www.who.int/news-room/fact-sheets/detail/dementia


2. Kashyap G, Bapat D, Das D, et al. Synapse loss and progress of 
Alzheimer’s disease-A network model. Sci Rep. 2019;9(1):1–9.

3. Sevigny J, Chiao P, Bussière T, et al. The antibody aducanumab 
reduces Aβ plaques in Alzheimer’s disease. Nature. 2016;537 
(7618):50–56.

4. Ravisankar P, Parvathi YS, Sri KC, et al. A Comprehensive Analysis 
on Different Types of Hypothesis, Diagnosis and Treatment of 
Alzheimer's Disease. IOSR-JDMS.2017;16(4):97-108

5. Jack CR Jr., Bennett DA, Blennow K, et al. NIA-AA Research 
Framework: toward a biological definition of Alzheimer’s disease. 
Alzheimer’s Dementia. 2018;14(4):535–562.

6. Allioui H, Sadgal M, Elfazziki AJIJACSA Deep MRI Segmentation: 
a Convolutional Method Applied to Alzheimer’s Disease 
Detection. (2019).

7. Zhao J, Ding X, Du Y, et al. behavior. Functional connectivity 
between white matter and gray matter based on fMRI for 
Alzheimer’s disease classification. Brain Behav. 2019;9(10):e01407.

8. DeBay DR, Reid GA, Pottie IR, et al. Targeting butyrylcholinesterase 
for preclinical single photon emission computed tomography 
(SPECT) imaging of Alzheimer’s disease. 2017;3(2):166–176. 
Alzheimer’s & Dementia: Translational Research & Clinical 
Interventions.

9. Stern RA, Adler CH, Chen K, et al. Tau positron-emission tomogra
phy in former national football league players. N Engl J Med. 
2019;380(18):1716–1725.

10. Prosser A, Tossici-Bolt L, CJCR K. The impact of regional 
99mTc-HMPAO single-photon-emission computed tomography 
(SPECT) imaging on clinician diagnostic confidence in a mixed 
cognitive impairment sample. (2020).

11. Turner RS, Stubbs T, Davies DA, et al. Potential new approaches for 
diagnosis of alzheimer’s disease and related dementias. Front 
Neurol. 2020;11:496.

12. Hampel H, Frank R, Broich K, et al. Biomarkers for Alzheimer’s 
disease: academic, industry and regulatory perspectives. Nat Rev 
Drug Discov. 2010;9(7):560–574.

13. Blennow K, Zetterberg H. Biomarkers for Alzheimer’s disease: cur
rent status and prospects for the future. J Intern Med. 2018;284 
(6):643–663.

14. Zetterberg H, Schott J. Biomarkers for Alzheimer’s disease beyond 
amyloid and tau. Nat Med. 2019;25(2):201–203.

15. Yakupova EI, Bobyleva LG, Vikhlyantsev IM, Bobylev AG. Congo. 
Red and amyloids: history and relationship. Biosci Rep. 2019;39:1.

16. Lermyte F, Everett J, Lam YP, et al. Metal Ion Binding to the 
Amyloid β Monomer Studied by Native Top-Down FTICR Mass 
Spectrometry. J Am Soc Mass Spectrom. 2019;30(10):2123–2134.

17. Teunissen CE, Chiu M-J, C-C Y, et al. Plasma Amyloid-β (Aβ 42) 
Correlates with Cerebrospinal Fluid Aβ 42 in Alzheimer’s Disease. 
J Alzheimer's Dis. 2018;62(4):1857–1863.

18. Liu C, Song X, Nisbet R, et al. Co-immunoprecipitation with tau 
isoform-specific antibodies reveals distinct protein interactions and 
highlights a putative role for 2N tau in disease. J Biol Chem. 
2016;291(15):8173–8188.

19. Wiratpruk N, Noor A, McLean CA, et al. Charge neutral rhenium 
tricarbonyl complexes of tridentate N-heterocyclic carbene ligands 
that bind to amyloid plaques of Alzheimer’s disease. Dalton Trans. 
2020;49(14):4559–4569.

20. Manna M, Roy S, Bhandari S, et al. A dual-emitting quantum dot 
complex nanoprobe for ratiometric and visual detection of Hg 2+ 
and Cu 2+ ions. J Mater Chem C. 2020;8(21):6972–6976.

21. Lima D, Hacke ACM, Inaba J, et al. Electrochemical detection of 
specific interactions between apolipoprotein E isoforms and DNA 
sequences related to Alzheimer’s disease. Bioelectrochemistry. 
2020;133(107447): 1–9.

22. Chang KL, Ho PCJPO. Gas chromatography time-of-flight mass 
spectrometry (GC-TOF-MS)-based metabolomics for comparison 
of caffeinated and decaffeinated coffee and its implications for 
Alzheimer’s disease. Plos One. 2014;9(8):e104621.

23. Delport A, Hewer R. Determining the protein stability of 
Alzheimer’s disease protein, amyloid precursor protein. Protein J. 
2019;38(4):419–424.

24. Kunkle BW, Grenier-Boley B, Sims R, et al. Genetic meta-analysis of 
diagnosed Alzheimer’s disease identifies new risk loci and impli
cates Aβ, tau, immunity and lipid processing. Nat Genet. 2019;51 
(3):414–430.

25. Jansen IE, Savage JE, Watanabe K, et al. Genome-wide meta- 
analysis identifies new loci and functional pathways influencing 
Alzheimer’s disease risk. Nat Genet. 2019;51(3):404–413.

26. Shui B, Tao D, Florea A et al. Biosensors for Alzheimer’s disease 
biomarker detection: a review. 147, 13–24 (2018).

27. Su H, Li S, Jin Y, et al. Nanomaterial-based biosensors for biological 
detections. 2017;3:19–29. Advanced Health Care Technologies.

28. Hou S, Zhang A, Su M. Nanomaterials for biosensing applications. 
Nanomaterials (Basel). 2016;6(4):58.

29. Carrette O, Demalte I, Scherl A, et al. A panel of cerebrospinal fluid 
potential biomarkers for the diagnosis of Alzheimer’s disease. 
Proteomics. 2003;3(8):1486–1494.

30. Sierks MR, Chatterjee G, McGraw C, et al. CSF levels of oligomeric 
alpha-synuclein and beta-amyloid as biomarkers for neurodegen
erative disease. Integr Biol. 2011;3(12):1188–1196.

31. Hardy J, Selkoe DJ. The Amyloid Hypothesis of Alzheimer’s Disease: 
progress and Problems on the Road to Therapeutics. Science. 
2002;297(5580):353.

32. Sakono M, Zako T. Amyloid oligomers: formation and toxicity of 
Abeta oligomers. FEBS J. 2010;277(6):1348–1358.

33. G-f C, T-h X, Yan Y, et al. Amyloid beta: structure, biology and 
structure-based therapeutic development. Acta Pharmacol Sin. 
2017;38(9):1205–1235.

34. Gu L, Guo Z. Alzheimer's Aβ42 and Aβ40 peptides form interlaced 
amyloid fibrils. J Neurochem. 2013;126(3):305–311.

35. Baldassarre M, Baronio CM, Morozova-Roche LA, et al. β-peptides 
1–40 and 1–42 form oligomers with mixed β-sheets. Chem Sci. 
2017;8(12):8247–8254.

36. Caldeira C, Cunha C, Vaz AR, et al. Key Aging-Associated Alterations in 
Primary Microglia Response to Beta-Amyloid Stimulation. Front Aging 
Neurosci. 2017;9(277)1–23.

37. Cherry JD, Olschowka JA, O’Banion MK. Neuroinflammation and M2 
microglia: the good, the bad, and the inflamed. 
J Neuroinflammation. 2014;11(1):98.

38. Martin L, Latypova X, Wilson CM, et al. Tau protein kinases: involve
ment in Alzheimer’s disease. Ageing Res Rev. 2013;12(1):289–309.

39. Ayton S, Wang Y, Diouf I, et al. Brain iron is associated with 
accelerated cognitive decline in people with Alzheimer 
pathology. Mol Psychiatry. 2019;25(11):2932–2941.

40. Ivanov SM, Atanasova M, Dimitrov I, et al. Cellular polyamines 
condense hyperphosphorylated Tau, triggering Alzheimer’s dis
ease. Sci Rep. 2020;10(1):10098.

41. Martin L, Latypova X, Terro F. Post-translational modifications of 
tau protein: implications for Alzheimer’s disease. Neurochem Int. 
2011;58(4):458–471.

42. Liu P, Smith BR, Montonye ML, et al. A soluble truncated tau species 
related to cognitive dysfunction is elevated in the brain of cognitively 
impaired human individuals. Sci Rep. 2020;10(1):3869.

43. Brunden KR, Trojanowski JQ, Lee VMY. Advances in tau-focused 
drug discovery for Alzheimer’s disease and related tauopathies. Nat 
Rev Drug Discov. 2009;8(10):783–793.

44. Sonawane SK, Chidambaram H, Boral D, et al. EGCG impedes 
human Tau aggregation and interacts with Tau. Sci Rep. 2020;10 
(1):12579.

45. Huang H-C, Jiang Z-F. Accumulated Amyloid-β Peptide and 
Hyperphosphorylated Tau Protein: relationship and Links in 
Alzheimer’s Disease. J Alzheimer's Dis. 2009;16:15–27.

46. Rajmohan R, Reddy PH. Amyloid-Beta and Phosphorylated Tau 
Accumulations Cause Abnormalities at Synapses of Alzheimer’s 
disease Neurons. J Alzheimer's Dis. 2017;57:975–999.

190 L. M. T. PHAN ET AL.



47. Panza F, Lozupone M, Seripa D, et al. Amyloid-β immunotherapy 
for Alzheimer disease: is it now a long shot? Ann Neurol. 2019;85 
(3):303–315.

48. Jansen WJ, Ossenkoppele R, Knol DL, et al. Prevalence of cerebral 
amyloid pathology in persons without dementia: a meta-analysis. 
Jama. 2015;313(19):1924–1938.

49. Damborský P, Švitel J, Katrlík J. Optical biosensors. Essays Biochem. 
2016;60(1):91–100.

50. Elbassal EA, Morris C, Kent TW, et al. Gold nanoparticles as a probe 
for amyloid-β oligomer and amyloid formation. J Phys Chem C. 
2017;121(36):20007–20015.

51. Song C, Deng P, Que L. Rapid multiplexed detection of beta- 
amyloid and total-tau as biomarkers for Alzheimer’s disease in 
cerebrospinal fluid. Nanomedicine. 2018;14(6):1845–1852.

52. Mai TD, Ferraro D, Aboud N, et al. Single-step immunoassays and 
microfluidic droplet operation: towards a versatile approach for 
detection of amyloid-β peptide-based biomarkers of Alzheimer’s 
disease. Sens Actuators B Chem. 2018;255:2126–2135.

53. Zhou J, Meng L, Ye W, et al. A sensitive detection assay based on 
signal amplification technology for Alzheimer’s disease’s early bio
marker in exosome. Anal Chim Acta. 2018;1022:124–130.

54. Liu L, Chang Y, Yu J, et al. Two-in-one polydopamine nanospheres 
for fluorescent determination of beta-amyloid oligomers and inhi
bition of beta-amyloid aggregation. Sens Actuators B Chem. 
2017;251:359–365.

55. Pihlasalo S, Deguchi T, Virtamo M, et al. Luminometric nanoparti
cle-based assay for high sensitivity detection of β-amyloid aggre
gation. Anal Chem. 2017;89(4):2398–2404.

56. Akhtar N, Metkar SK, Girigoswami A, et al. ZnO nanoflower based 
sensitive nano-biosensor for amyloid detection. Mater Sci Eng C. 
2017;78:960–968.

57. Morales-Zavala F, Casanova-Morales N, Gonzalez RB, et al. 
Functionalization of stable fluorescent nanodiamonds towards reli
able detection of biomarkers for Alzheimer’s disease. 
J Nanobiotechnology. 2018;16(1):1–14.

58. Sun L, Fan Z, Yue T, et al. Additive nanomanufacturing of lab-on 
-a-chip fluorescent peptide nanoparticle arrays for Alzheimer’s dis
ease diagnosis. 2018;1(3):182–194. Bio-Des Manuf.

59. Kraus A, Saijo E, Metrick MA, et al. Seeding selectivity and ultra
sensitive detection of tau aggregate conformers of Alzheimer’s 
disease. Acta Neuropathol. 2019;137(4):585–598.

60. Lisi S, Fiore E, Scarano S, et al. Non-SELEX isolation of DNA apta
mers for the homogeneous-phase fluorescence anisotropy sensing 
of tau Proteins. Anal Chim Acta. 2018;1038:173–181.

61. Eravuchira PJ, Banchelli M, D’Andrea C, et al. Hollow core photonic 
crystal fiber-assisted Raman spectroscopy as a tool for the detection 
of Alzheimer’s disease biomarkers. J Biomed Opt. 2020;25(7):077001.

62. Ziu I, Laryea ET, Alashkar F, et al. A dip-and-read optical aptasensor for 
detection of tau protein. Anal Bioanal Chem. 2020;412(5):1193–1201.

63. Girigoswami K, Akhtar N. Nanobiosensors and fluorescence based 
biosensors: an overview. Int J Nano Dimension. 2019;10(1):1–17.

64. Liu C, Lu D, You X, et al. Carbon dots sensitized lanthanide infinite 
coordination polymer nanoparticles: towards ratiometric fluores
cent sensing of cerebrospinal Aβ monomer as a biomarker for 
Alzheimer’s disease. Anal Chim Acta. 2020;1105:147–154.

65. Wang C, Li X, Zhang F. Bioapplications and biotechnologies of 
upconversion nanoparticle-based nanosensors. Analyst. 2016;141 
(12):3601–3620.

66. McConnell MRH EM, DeRosa MC. Aptamers as Promising Molecular 
Recognition Elements for Diagnostics and Therapeutics in the 
Central Nervous System. Nucleic Acid Ther. 2014;24(6):388–404.

67. Jiang L-F, Chen B-C, Chen B, et al. Detection of Aβ oligomers based 
on magnetic-field-assisted separation of aptamer-functionalized 
Fe3O4 magnetic nanoparticles and BaYF5: yb. 2017;170:350–357. 
Er Nanoparticles as Upconversion Fluorescence Labels. Talanta.

68. Chen L, Lin J, Yi J, et al. A tyrosinase-induced fluorescence immunoas
say for detection of tau protein using dopamine-functionalized CuInS 
2/ZnS quantum dots. Anal Bioanal Chem. 2019;411(20):5277–5285.

69. Liu B, Shen H, Hao Y, et al. Lanthanide Functionalized Metal– 
Organic Coordination Polymer: toward Novel Turn-On 
Fluorescent Sensing of Amyloid β-Peptide. Anal Chem. 2018;90 
(21):12449–12455.

70. Chan H-N, Xu D, Ho S-L, et al. Ultra-sensitive detection of protein 
biomarkers for diagnosis of Alzheimer’s disease. Chem Sci. 2017;8 
(5):4012–4018.

71. Perez-Ruiz E, Decrop D, Ven K, et al. Digital ELISA for the quantification 
of attomolar concentrations of Alzheimer’s disease biomarker protein 
Tau in biological samples. Anal Chim Acta. 2018;1015:74–81.

72. Seo Y, K-s P, Ha T, et al. A smart near-infrared fluorescence probe 
for selective detection of tau fibrils in Alzheimer’s disease. ACS 
Chem Neurosci. 7(11): 1474–1481. 2016.

73. Chan H-N, Xu D, Ho S-L, et al. Highly sensitive quantification of 
Alzheimer’s disease biomarkers by aptamer-assisted amplification. 
Theranostics. 2019;9(10):2939.

74. Huang A, Zhang L, Li W, et al. Controlled fluorescence quenching 
by antibody-conjugated graphene oxide to measure tau protein. 
R Soc Open Sci. 2018;5(4):171808.

75. Aldewachi H, Chalati T, Woodroofe MN, et al. Gold nanoparticle-based 
colorimetric biosensors. Nanoscale. 2018;10(1):18–33.

76. Li M, Guan Y, Zhao A, et al. Using multifunctional peptide conju
gated Au nanorods for monitoring β-amyloid aggregation and 
chemo-photothermal treatment of Alzheimer’s disease. 
Theranostics. 2017;7(12):2996.

77. Ghasemi F, Hormozi-Nezhad MR, Mahmoudi M. Label-free detec
tion of β-amyloid peptides (Aβ40 and Aβ42): a colorimetric sensor 
array for plasma monitoring of Alzheimer’s disease. Nanoscale. 
2018;10(14):6361–6368.

78. Hu T, Lu S, Chen C, et al. Colorimetric sandwich immunosensor for 
Aβ (1-42) based on dual antibody-modified gold nanoparticles. 
Sens Actuators B Chem. 2017;243:792–799.

79. Rauk A. The chemistry of Alzheimer’s disease. Chem Soc Rev. 
2009;38(9):2698–2715.

80. Georganopoulou DG, Chang L, J-M N, et al. Nanoparticle-based 
detection in cerebral spinal fluid of a soluble pathogenic biomarker 
for Alzheimer’s disease. Proc Nat Acad Sci. 2005;102(7):2273–2276.

81. Wijaya E, Lenaerts C, Maricot S, et al. Surface plasmon 
resonance-based biosensors: from the development of different 
SPR structures to novel surface functionalization strategies. Curr 
Opin Solid State Mater Sci. 2011;15(5):208–224.

82. Kim H, Lee JU, Song S, et al. A shape-code nanoplasmonic biosen
sor for multiplex detection of Alzheimer’s disease biomarkers. 
Biosens Bioelectron. 2018;101:96–102.

83. Nair RV, Pae J, Padmanabhan P, et al. Au nano-urchins enabled 
localized surface plasmon resonance sensing of beta amyloid 
fibrillation. Nanoscale Adv. 2020.

84. Kim H, Lee JU, Kim S, et al. A nanoplasmonic biosensor for ultra
sensitive detection of Alzheimer’s disease biomarker using 
a chaotropic agent. ACS Sens. 2019;4(3):595–602.

85. Nu TTV, Tran NHT, Nam E, et al. Blood-based immunoassay of tau 
proteins for early diagnosis of Alzheimer’s disease using surface 
plasmon resonance fiber sensors. RSC Adv. 2018;8(14):7855–7862.

86. Kim S, Wark AW, Lee HJ. Femtomolar detection of tau proteins in 
undiluted plasma using surface plasmon resonance. Anal Chem. 
2016;88(15):7793–7799.

87. Lisi S, Scarano S, Fedeli S, et al. Toward sensitive immuno-based 
detection of tau protein by surface plasmon resonance coupled to 
carbon nanostructures as signal amplifiers. Biosens Bioelectron. 
2017;93:289–292.

88. Bellassai N, D’Agata R, Jungbluth V, et al. Surface Plasmon 
Resonance for Biomarker Detection: advances in Non-invasive 
Cancer Diagnosis. Front Chem. 2019;7:570.

89. Pilot R, Signorini R, Durante C, et al. Review on Surface-Enhanced 
Raman Scattering. Biosensors (Basel). 2019;9(2):57.

90. Zhang X, Liu S, Song X, et al. Robust and universal SERS sensing 
platform for multiplexed detection of Alzheimer’s disease core 

EXPERT REVIEW OF MOLECULAR DIAGNOSTICS 191



biomarkers using PAapt-AuNPs conjugates. ACS Sens. 2019;4 
(8):2140–2149.

91. Guerrini L, Arenal R, Mannini B, et al. SERS detection of amyloid 
oligomers on metallorganic-decorated plasmonic beads. ACS Appl 
Mater Interfaces. 2015;7(18):9420–9428.

92. Lin D, Wu Z, Li S, et al. Large-area Au-nanoparticle-functionalized Si 
nanorod arrays for spatially uniform surface-enhanced Raman 
spectroscopy. ACS Nano. 2017;11(2):1478–1487.

93. Demeritte T, Viraka Nellore BP, Kanchanapally R, et al. Hybrid 
graphene oxide based plasmonic-magnetic multifunctional nano
platform for selective separation and label-free identification of 
Alzheimer’s disease biomarkers. ACS Appl Mater Interfaces. 2015;7 
(24):13693–13700.

94. Zengin A, Tamer U, Caykara T. A SERS-based sandwich assay for 
ultrasensitive and selective detection of Alzheimer’s tau protein. 
Biomacromolecules. 2013;14(9):3001–3009.

95. Maurer V, Frank C, Porsiel JC, et al. Step-by-step monitoring of 
a magnetic and SERS-active immunosensor assembly for purification 
and detection of tau protein. J Biophotonics. 2020;13(3):e201960090.

96. Bu T, Zako T, Maeda M. Dark field microscopic sensitive detection 
of amyloid fibrils using gold nanoparticles modified with antibody. 
Anal Sci. 2016;32(3):307–311.

97. Kang D-Y, Lee J-H, Oh B-K, et al. Ultra-sensitive immunosensor for 
β-amyloid (1–42) using scanning tunneling microscopy-based elec
trical detection. Biosens Bioelectron. 2009;24(5):1431–1436.

98. Li Y, Xu D, Chan HN, et al. Dual-Modal NIR-Fluorophore Conjugated 
Magnetic Nanoparticle for Imaging Amyloid-β Species In Vivo. 
Small. 2018;14(28):1800901.

99. Cho I-H, Kim DH, Park S. Electrochemical biosensors: perspective on 
functional nanomaterials for on-site analysis. Biomater Res. 2020;24 
(1):6.

100. Gutierrez FA, Gonzalez-Dominguez JM, Ansón-Casaos A, et al. 
Single-walled carbon nanotubes covalently functionalized with 
cysteine: a new alternative for the highly sensitive and selective 
Cd(II) quantification. Sens Actuators B Chem. 2017;249:506–514.

101. Zhou Y, Fang Y, Ramasamy RP. Non-Covalent Functionalization of 
Carbon Nanotubes for Electrochemical Biosensor Development. 
Sensors (Basel). 2019;19(2):392.

102. Fu C, Yi D, Deng C, et al. A Partially Graphitic Mesoporous Carbon 
Membrane with Three-Dimensionally Networked Nanotunnels for 
Ultrasensitive Electrochemical Detection. Chem Mater. 2017;29 
(12):5286–5293.

103. Reza KK, Ali MA, Singh M, et al. Amperometric enzymatic determi
nation of bisphenol A using an ITO electrode modified with 
reduced graphene oxide and Mn3O4 nanoparticles in a chitosan 
matrix. Microchim Acta. 2017;184(6):1809–1816.

104. Oliveira T, Morais S New generation of Electrochemical Sensors 
Based on Multi-Walled Carbon Nanotubes. (2019) 124.

105. Kirchner E-M HT. Recent developments in carbon-based 
two-dimensional materials: synthesis and modification aspects for 
electrochemical sensors. Mikrochim Acta. 2020;187(8):441.

106. Oh J, Yoo G, Chang YW, et al. A carbon nanotube metal semiconduc
tor field effect transistor-based biosensor for detection of 
amyloid-beta in human serum. Biosens Bioelectron. 2013;50:345–350.

107. Yu Y, Wang P, Zhu X, et al. Combined determination of copper ions 
and β-amyloid peptide by a single ratiometric electrochemical 
biosensor. Analyst. 2018;143(1):323–331.

108. Moreira FTC, Rodriguez BAG, Dutra RAF, et al. Redox probe-free readings 
of a β-amyloid-42 plastic antibody sensory material assembled on cop
per@carbon nanotubes. Sens Actuators B Chem. 2018;264:1–9.

109. Moreira FTC, Sales MGF. Smart naturally plastic antibody based on 
poly(α-cyclodextrin) polymer for β-amyloid-42 soluble oligomer 
detection. Sens Actuators B Chem. 2017;240:229–238.

110. Ramnath D, Tunny K, Hohenhaus DM, et al. TLR3 drives 
IRF6-dependent IL-23p19 expression and p19/EBI3 heterodimer 
formation in keratinocytes. Immunol Cell Biol. 2015;93(9):771–779.

111. Krishnan SK, Singh E, Singh P, et al. A review on graphene-based 
nanocomposites for electrochemical and fluorescent biosensors. 
RSC Adv. 2019;9(16):8778–8881.

112. Devi R, Gogoi S, Dutta HS, et al. Au/NiFe2O4 nanoparticle-decorated 
graphene oxide nanosheets for electrochemical immunosensing of 
amyloid beta peptide. 2020;2(1):239–248. Nanoscale Advances.

113. Li Y, Wang Y, Liu X, et al. Bifunctional pd-decorated polysulfide 
nanoparticle of Co9S8 supported on graphene oxide: a new and 
efficient label-free immunosensor for amyloid β-protein detection. 
Sens Actuators B Chem. 2020;304:127413.

114. Sethi J, Van Bulck M, Suhail A, et al. A label-free biosensor based on 
graphene and reduced graphene oxide dual-layer for electrochemical 
determination of beta-amyloid biomarkers. Mikrochim Acta. 2020;187 
(5):288.

115. Li -S-S, Lin C-W, K-C W, et al. Non-invasive screening for early 
Alzheimer’s disease diagnosis by a sensitively immunomagnetic 
biosensor. Sci Rep. 2016;6(1):25155.

116. Li X, Jiang M, Cheng J, et al. Signal multi-amplified electrochemical 
biosensor for voltammetric determination of tau-441 protein in 
biological samples using carbon nanomaterials and gold nanopar
ticles to hint dementia. Mikrochim Acta. 2020;187(5):302.

117. Sonuç Karaboga MN, Sezgintürk MK. Analysis of Tau-441 pro
tein in clinical samples using rGO/AuNP nanocomposite- 
supported disposable impedimetric neuro-biosensing platform: 
towards Alzheimer’s disease detection. Talanta. 
2020;219:121257.

118. Tao D, Shui B, Gu Y, et al. Development of a Label-Free 
Electrochemical Aptasensor for the Detection of Tau381 and its 
Preliminary Application in AD and Non-AD Patients’ Sera. 
Biosensors (Basel). 2019;9(3):84..

119. Ye M, Jiang M, Cheng J, et al. Single-layer exfoliated reduced 
graphene oxide-antibody Tau sensor for detection in human 
serum. Sens Actuators B Chem. 2020;308:127692.

120. Kim K, Kim M-J, Kim SY, et al. Clinically accurate diagnosis of 
Alzheimer’s disease via multiplexed sensing of core biomarkers in 
human plasma. Nat Commun. 2020;11(1):1–9.

121. Li M, Wang P, Li F, et al. An ultrasensitive sandwich-type electrochemi
cal immunosensor based on the signal amplification strategy of meso
porous core–shell Pd@Pt nanoparticles/amino group functionalized 
graphene nanocomposite. Biosens Bioelectron. 2017;87:752–759.

122. Liu H, Zhou X, Shen Q, et al. Paper-based electrochemilumines
cence sensor for highly sensitive detection of amyloid-β oligomer
ization: toward potential diagnosis of Alzheimer’s disease. 
Theranostics. 2018;8(8):2289–2299.

123. Liu TC, Lee YC, Ko CY, et al. Highly sensitive/selective 3D nanos
tructured immunoparticle-based interface on a multichannel sen
sor array for detecting amyloid-beta in Alzheimer’s disease. 
Theranostics. 2018;8(15):4210–4225.

124. Rushworth JV, Ahmed A, Griffiths HH, et al. A label-free electrical 
impedimetric biosensor for the specific detection of Alzheimer’s 
amyloid-beta oligomers. Biosens Bioelectron. 2014;56:83–90.

125. Yoo YK, Kim G, Park D, et al. Gold nanoparticles assisted sensitivity 
improvement of interdigitated microelectrodes biosensor for amy
loid-β detection in plasma sample. Sens Actuators B Chem. 
2020;308:127710.

126. Le HT N, Park J, Chinnadayyala SR, et al. Sensitive electrochemical 
detection of amyloid beta peptide in human serum using an interdigi
tated chain-shaped electrode. Biosens Bioelectron. 2019;144:111694.

127. Xue J, Yang L, Wang H, et al. Quench-type electrochemilumines
cence immunosensor for detection of amyloid β-protein based on 
resonance energy transfer from luminol@SnS2-Pd to Cu doped 
WO3 nanoparticles. Biosens Bioelectron. 2019;133:192–198.

128. Zhang Y, Figueroa-Miranda G, Lyu Z, et al. Monitoring amyloid-β 
proteins aggregation based on label-free aptasensor. Sens 
Actuators B Chem. 2019;288:535–542.

192 L. M. T. PHAN ET AL.



129. Jia Y, Yang L, Feng R, et al. MnCO3 as a New 
Electrochemiluminescence Emitter for Ultrasensitive Bioanalysis of 
β-Amyloid1–42 Oligomers Based on Site-Directed Immobilization 
of Antibody. ACS Appl Mater Interfaces. 2019;11(7):7157–7163.

130. Wang C, Zhang N, Li Y, et al. Cobalt-based metal-organic frameworks as 
co-reaction accelerator for enhancing electrochemiluminescence beha
vior of N-(aminobutyl)-N-(ethylisoluminol) and ultrasensitive immuno
sensing of amyloid-Β protein. Sens Actuators B Chem. 2019;291:319– 
328.

131. Xu R, Wei D, Du B, et al. A photoelectrochemical sensor for highly 
sensitive detection of amyloid beta based on sensitization of Mn: 
cdSeto Bi2WO6/CdS. Biosens Bioelectron. 2018;122:37–42.

132. Diba FS, Kim S, Lee HJ. Electrochemical immunoassay for amyloid- 
beta 1–42 peptide in biological fluids interfacing with a gold nano
particle modified carbon surface. CatalToday. 2017;295:41–47.

133. Xia N, Wang X, Yu J, et al. Design of electrochemical biosensors 
with peptide probes as the receptors of targets and the inducers of 
gold nanoparticles assembly on electrode surface. Sens Actuators 
B Chem. 2017;239:834–840.

134. Yoo YK, Yoon DS, Kim G, et al. An Enhanced Platform to Analyse 
Low-Affinity Amyloid β Protein by Integration of Electrical 
Detection and Preconcentrator. Sci Rep. 2017;7(1):14303.

135. Carneiro P, Loureiro J, Delerue-Matos C, et al. do Carmo Pereira 
M. Alzheimer’s disease: development of a sensitive label-free elec
trochemical immunosensor for detection of amyloid beta peptide. 
Sens Actuators B Chem. 2017;239:157–165.

136. Xing Y, Feng X-Z, Zhang L, et al. A sensitive and selective electro
chemical biosensor for the determination of beta-amyloid oligomer 
by inhibiting the peptide-triggered in situ assembly of silver 
nanoparticles. Int J Nanomedicine. 2017;12:3171–3179.

137. El-Said WA, Abd El-Hameed K, Abo El-Maali N, et al. Label-free 
Electrochemical Sensor for Ex-vivo Monitoring of Alzheimer’s 
Disease Biomarker. Electroanalysis. 2017;29(3):748–755.

138. Deng C, Liu H, Si S, et al. An electrochemical aptasensor for amy
loid-β oligomer based on double-stranded DNA as “conductive 
spring”. Mikrochim Acta. 2020;187(4):239.

139. Qin J, Park JS, Jo DG, et al. Curcumin-based electrochemical sensor 
of amyloid-β oligomer for the early detection of Alzheimer’s dis
ease. Sens Actuators B Chem. 2018;273:1593–1599.

140. Kaushik A, Shah P, Vabbina PK, et al. A label-free electrochemical 
immunosensor for beta-amyloid detection. Anal Methods. 2016;8 
(31):6115–6120.

141. Kim K, Park CB. Femtomolar sensing of Alzheimer’s tau proteins by 
water oxidation-coupled photoelectrochemical platform. Biosens 
Bioelectron. 2020;154:112075.

142. Carlin N, Anti-Tau Antibodies M-MS. Based Electrochemical Sensor 
for Detection of Tau Protein Biomarkers. J Electrochem Soc. 
2018;165(12):G3018–G3025.

143. Shui B, Tao D, Cheng J, et al. A novel electrochemical aptamer– 
antibody sandwich assay for the detection of tau-381 in human 
serum. Analyst. 2018;143(15):3549–3554.

144. Wang SX, Acha D, Shah AJ, et al. Detection of the tau protein in 
human serum by a sensitive four-electrode electrochemical 
biosensor. Biosens Bioelectron. 2017;92:482–488.

145. Esteves-Villanueva JO, Trzeciakiewicz H, Martic S. A protein-based elec
trochemical biosensor for detection of tau protein, a neurodegenerative 
disease biomarker. Analyst. 2014;139(11):2823–2831.

146. Dai Y, Molazemhosseini A, Liu CC, et al. In Vitro Biosensor for the 
Detection of T-Tau Protein, A Biomarker of Neuro-Degenerative 
Disorders, in PBS and Human Serum Using Differential Pulse 
Voltammetry (DPV). Biosensors (Basel). 2017;7:1.

147. Chen H, Yuan L, Song W, et al. Biocompatible polymer materials: 
role of protein–surface interactions. Prog Polym Sci. 2008;33 
(11):1059–1087.

148. Tjong SC. Structural and mechanical properties of polymer 
nanocomposites. Mater Sci Eng R Rep. 2006;53(3–4):73–197.

149. Qin J, Jo DG, Cho M, et al. Monitoring of early diagnosis of 
Alzheimer’s disease using the cellular prion protein and poly (pyr
role-2-carboxylic acid) modified electrode. Biosens Bioelectron. 
2018;113:82–87.

150. Lehmann S, Delaby C, Boursier G, et al. Relevance of Aβ42/40 ratio 
for detection of Alzheimer’s disease pathology in clinical routine: 
the PLMR scale. Front Aging Neurosci. 2018;10:138.

151. Santangelo R, Dell’Edera A, Sala A, et al. The CSF p-tau181/Aβ42 Ratio 
Offers a Good Accuracy “In Vivo” in the Differential Diagnosis of 
Alzheimer’s Dementia. Curr Alzheimer Res. 2019;16(7):587–595.

152. Wiltfang J, Esselmann H, Bibl M, et al. Amyloid β peptide ratio 
42/40 but not Aβ42 correlates with phospho-Tau in patients 
with low-and high-CSF Aβ40 load. J Neurochem. 2007;101 
(4):1053–1059.

153. Spies P, Slats D, Sjogren J, et al. The cerebrospinal fluid amyloid 
β42/40 ratio in the differentiation of alzheimer’s disease from non- 
alzheimer’s dementia. Curr Alzheimer Res. 2010;7(5):470–476.

154. Schoonenboom NS, Reesink FE, Verwey NA, et al. Cerebrospinal 
fluid markers for differential dementia diagnosis in a large memory 
clinic cohort. Neurology. 2012;78(1):47–54.

155. Li Y, Lim E, Fields T, et al. Improving sensitivity and specificity of 
amyloid-β peptides and tau protein detection with antibiofouling 
magnetic nanoparticles for liquid biopsy of alzheimer’s disease. 
ACS Biomater Sci Eng. 2019;5(7):3595–3605.

156. Sabbagh MN, Shi J, Lee M, et al. Salivary beta amyloid protein levels 
are detectable and differentiate patients with Alzheimer’s disease 
dementia from normal controls: preliminary findings. BMC Neurol. 
2018;18(1):155.

157. Gijs M, Ramakers IH, Visser PJ et al. Detection of amyloid-beta and 
tau in tear fluid of patients with Alzheimer’s disease. (2020).

158. Kim YH, Lee S-M, Cho S, et al. Amyloid beta in nasal secretions may 
be a potential biomarker of Alzheimer’s disease. Sci Rep. 2019;9 
(1):4966.

159. Passali GC, Politi L, Crisanti A, et al. Tau protein detection in 
anosmic Alzheimer’s disease patient’s nasal secretions. 2015;8 
(4):201–206. Chemosens Percept.

EXPERT REVIEW OF MOLECULAR DIAGNOSTICS 193


	Abstract
	1  Introduction
	2.  Potential fluid biomarkers of Alzheimer’s disease
	2.1.  Amyloid beta and the concept of the amyloid cascade hypothesis
	2.2.  Tau proteins and their biological function

	3.  Optical biosensors for Aβ and Tau biomarkers of Alzheimer’s disease
	4.  Electrochemical biosensors for Aβ and Tau biomarkers of Alzheimer’s disease
	5.  Clinical applicability of nanobiosensors for Aβ and Tau in accurateAD diagnosis
	6.  Conclusion
	7.  Expert opinion
	Funding
	Declaration of interest
	Reviewer disclosures
	References



