
Design Principals and Fundamental Understanding of 
Biosensors for Amyloid-β Detection

Journal: Journal of Materials Chemistry B

Manuscript ID TB-REV-02-2020-000344.R1

Article Type: Review Article

Date Submitted by the 
Author: 31-Mar-2020

Complete List of Authors: Zhang, Yanxian; University of Akron, Chemical, Biomolecular, and 
Corrosion Engineering
Ren, Baiping; University of Akron, Chemical, Biomolecular, and Corrosion 
Engineering
Zhang, Dong; University of Akron, Chemical, Biomolecular, and 
Corrosion Engineering
Liu, Yonglan; University of Akron, Chemical, Biomolecular, and Corrosion 
Engineering
Zhang, Mingzhen; University of Akron, Chemical, Biomolecular, and 
Corrosion Engineering
Zhao, Chao; The University of Alabama, Chemical and Biomolecular 
Engineering
Zheng, Jie; University of Akron, Chemical, Biomolecular, and Corrosion 
Engineering

 

Journal of Materials Chemistry B



1

Design Principals and Fundamental Understanding of Biosensors for ��������� 

Detection

Yanxian Zhang��, Baiping Ren��, Dong Zhang1, Yonglan Liu1, Mingzhen Zhang1, 

Chao Zhao2, and Jie Zheng1*

1Department of Chemical, Biomolecular, and Corrosion Engineering

The University of Akron, Ohio

2 Department of Chemical and Biomolecular Engineering

The University of Alabama, Alabama

� The authors contribute equally to this work.

* Corresponding author: zhengj@uakron.edu

Page 1 of 36 Journal of Materials Chemistry B



2

Abstract

Alzheimer disease (AD), as an age-related, progressive neurodegenerative disease, pose 

substantial challenges and burdens on public health and disease research. While 

significant research, investment, and progress have been made for the better 

understanding of pathological mechanisms and risk factors of AD, all clinical trials for 

AD treatment and diagnostics have failed so far. Since early and accurate diagnostics 

of AD is key to AD prevention and treatment, the development of probes for AD-related 

biomarkers is highly important but challenging for AD diagnosis. In this review, 

emerging evidence highlights the importance of �8 cascade hypothesis and indicates a 

significant role of �8 and their aggregates as biomarkers in the pathogenesis of AD, we 

present an up-to-date summary on �84+�#�� biosensor systems. Four typical biosensor 

systems for �8 detection and representative examples from each type of biosensors are 

carefully selected and discussed in terms of their sensing strategies, materials, and 

mechanisms. Finally, we address the remaining challenges and opportunities for the 

development of future sensing platforms for �8 detection and �84+�#�� diagnostics of 

AD. 

Keywords: Alzheimer disease (AD), � (����48 peptide, Biosensor, 

Neurodegenerative disease, Disease diagnostics, Bioprobe. 
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1. Introduction

Alzheimer�s Disease (AD), as a most common aging-related neurodegenerative 

disorder, has affected millions of people worldwide and costed $290 billion health care 

alone, but is currently incurable. Similar to other neurodegenerative diseases including 

Parkinson�s disease (PD), Huntington�s disease (HD), and type 2 diabetes (T2D), aging 

is considered as a main risk factor for AD due to natural selection and evolution. Longer 

life expectancy has led to an increased number of AD cases globally for the elders (>65 

years old), which often suffer from the progressive loss of neuronal cells, leading to 

cognitive impairment, memory loss, and brain dysfunction. Apart from increasing age, 

other known risk factors for AD development include susceptibility genes, lifestyle 

choices (e.g. diet, exercise, and alcohol intake)1, environmental factors (e.g. pesticides 

and neurotoxic metals, such as lead, mercury, and arsenic)2, 3, and other diseases (e.g. 

head injuries, T2D, PD, and cardiovascular diseases)4, 5. The complex interplay between 

these risk factors makes the pathogenesis mechanisms of AD (e.g. �8 aggregation, tau 

hyperphosphorylation, cholinergic neuron damage, imbalanced inflammatory 

hypothesis, dysregulated energy metabolism, oxidative stress, and calcium 

dyshomeostasis) difficult to understand and study6. Numerous studies from 

neuropathology, genetics, and transgenic modeling have revealed the two compelling 

pathological hallmarks in the brains of AD patients: cerebral 84� (�����#�# in the form 

of 84� (���� 2�83 plaques7, 8 and tauopathy in the form of neurofibrillary tangles9, 10. 

Different anti-AD strategies and drugs have been proposed and developed based on 

different AD hypotheses, however, FDA only approved two types of drugs - 

cholinesterase inhibitors (Aricept, Exelon, Razadyne) and memantine (Namenda) - to 

treat the cognitive symptoms (memory loss, confusion, and problems with thinking and 

reasoning) of AD, but not to cure AD or slow down the progress of AD. 

The marginal benefits for current medical treatments of AD drive the parallel and 

significant efforts to develop diagnostic approaches for the early detection of AD and 

the monitoring of AD progress and disease status.11 A generally accepted clinical 

criteria for AD diagnosis has three phases: an asymptomatic phase (AD without 

symptoms), a prodromal phase (AD with mild cognitive impairment), and a late-onset 

dementia (AD with irreversible neuron loss and brain damage). Early identifying 

preclinical and prodromal AD is critical for initiating symptomatic treatment before 

significant brain damage and neuronal loss become irreversible. Based on different 

pathogenic hypotheses of AD, different diagnostic strategies and techniques have been 

proposed and developed for the diagnosis and detection of AD-related biomarkers, 

including �840/42, tau, phosphorylated tau, neurofilament light chain (NfL), vinisin-like 

protein 1 (VLP-1), neuron-specific enolase (NSE), heart fatty acid binding protein 

(HFABP), and glial activation (YKL-40)12-16. While it is still under hotly debated on 

the determination of pathologically-relevant AD-related biomarkers, controversial or 

inconsistent results for AD biomarkers make the early and accurate diagnostics of AD 

even more challenging. Among these AD-related biomarkers, there is also a strong 

consensus on K�8 cascade hypothesis� that the aggregation and deposition of misfolded 

�8 peptides into cytotoxic species are pathologically associated with AD (Figure 1a). 
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From a broader mechanistic view, the K�8 cascade hypothesis� can be generally 

applied to the �amyloid aggregation hypothesis�, which shows common pathological 

features to other protein-misfolding diseases, e.g. human islet polypeptide (hIAPP) 

aggregation is associated with T2D and Q4#(��"���� aggregation is associated with PD. 

This indicates that diagnostic strategies for AD could possibly apply to other 

neurodegenerative diseases, because these amyloid proteins share many structural, 

kinetic, and even cytotoxic characteristics during amyloid aggregation process.

In this review, on the basis of the �8 hypothesis and the significant roles of �8 in 

the pathogenesis of AD, we aim to summarize recent progress, challenges, and future 

direction in �84+�#�� (not other biomarkers-based) biosensors for �8 detection and AD 

diagnostics. This review mainly covers both fundamental principles and practical 

applications of �84+�#�� biosensors from design strategies, sensing materials, sensing 

mechanisms, to in vitro ad in vivo applications. This review does not intend (it is 

impossible) to provide comprehensive summery of all types of biosensors for �8 

detection, but rather to focus on the most promising biosensors and the underlying 

sensing mechanisms, and some general principles for the design of sensing materials 

and methods for �8 detection. The sensing techniques cover photo-fluorescence, 

electrochemistry, surface-enhanced Raman scattering spectroscopy, and colorimetry 

for �8 detection and AD diagnostics, while sensing materials cover antibodies, 

aptamers, peptides, and small molecules, both of which are carefully presented, 

discussed, and summarized in Table 1 and Table 2. Finally, we discuss some of the 

persistent technological/fundamental barriers that still remain, as well as offer some of 

opinions for future research directions that should be undertaken to overcome these 

barriers. Hopefully, this review will provide a different perspective to improve our 

understanding of �8 biomarker working mechanisms in relation to the pathogenesis of 

AD, which help to develop the early, accurate, and responsive detection of �8 for the 

effective diagnosis and treatment of AD at the early stage. 

Table 1. A summary and classification of different types of � (����48 sensors

Type Sensor Target Read-out

Binding 

affinity*/ 

Sensitivity

Ref.

ThT ~480 nm ~ 580 nM* 39

PiB 450-480 nm ~ 4.38 nM* 40

IRI ~575 nm ~ 374 nM* 19

NIAD-4 >600 nm ~ 10 nM* 41

BODIPY7 ~ 615 nm ~ 108 nM* 42

DANIRs ~ 625 nm ~ 27 nM* 43

BAP-1 ~ 650 nm ~ 44 nM* 44

CRANAD-2 715-805 nm ~ 38 nM* 45

Styry-11 ~ 770 nm - 46

Fluoresce

nt probes

BSPOTPE

Insoluble 

amyloid 

aggregates

~ 480 nm - 23
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TPE-TPP 450-480 nm ~ 580 nM* 47

QM-FN-SO3 ~ 720 nm < 580 nM* 48

BD-Oligo
Amyloid 

oligomer
~ 530 nm ~ 480 nM* 49

Ab2-GOD@Ce:ZONFs-

Lum/AgCys NWs
�8 11.5 pM 50

GCE/MnCO3/PDDA/Au/HC

-7/BSA/anti-A8
�8 4.4 fM 51

GCE/Ru(bpy)3
2+/zinc 

oxalate MOFs/Ab1/BSA
�8

ECL

3 fM 52

MCH-aptamer-AuR �8 oligomer EIS/CVs 30 pM 53

Cu2+/aptamers/BSA/GE �816/ �840 ECL 35 fM 54

AuNPs-PEDOT-

PTAA/PrPC
�8 oligomer EIS 0.1 fM 55

Poly(curcumin-Ni) �8 oligomer EIS 1 pM 56

OECT �8 aggregates SWV 2.21 pM 57

Electro-

chemical 

sensors

��BH84��4�� �8 oligomer LSV 8 pM 58

Au Nanoshells/Sialic Acid �8 1 pM 59

AgNGS[4�FBT] �8 55 fM 60

PAapt-AuNPs
�8 oligomer / 

tau

Raman 

spectra 37 �M/0.42 

fM
61

SERS 

sensors

RB-AuNPs �8
Raman/FL 

590nm
0.5 �M 62

AuNPs/Cu2+ �840

50 nM/

0.6 nM
63Colorimet

ric sensors
CdTe/AuNPs/PrP(95�110) �8 oligomer

Visible color 

change/absor

ption spectra 20 nM 64

2. Molecular Sensing Probes for �� Detection 

Discovery and design of probes for �8 detection require fundamental knowledge 

to understand the structural features of �8 species at different aggregation stages so as 

to determine possible binding sites for probes to specifically recognize and bind to �8. 

Depending on the physical nature of �8 (i.e. sizes, shapes, aggregation states) at 

different physiological conditions, it requires different probe materials and sensing 

strategies to achieve specific and sensitive binding to �8 (Figure 2). Generally 

speaking, in vivo imaging probes (e.g. NIR imaging probes, fluorescence imaging 

probes, and single-photon emission computed tomography imaging probes) require 

sufficient BBB penetration ability for imaging �8 plaques deposited in human brain, 

but it is still arguable that the correlation between �8 plaques and neurodegenerative 

progress in AD brains is weak. Alternatively, in vitro or ex vivo probes (e.g. antibodies, 

aptamers, peptides) allow to detect probable early �8 aggregates from cerebrospinal 

fluid (CSF) or blood, because �8 aggregates in CSF or blood are more pathologically 

linked to AD severity. Many probes have been developed for �84��������� detection, 

we classify them into four groups based on their molecular structures (i.e., nucleic acids, 

peptides, small molecules, and polymers) and typical probe examples for each group 
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flexibility

permeability hexapepti

de (- 

�8
42

)

PiB (- f-

�83 N

S

NH

HO

20 nM 72

QM-FN-

SO
3
 (- f-

�83

N

SO3

S

N

CNNC

Na

< 580 

nM
48Small 

molecules

Highly stable; 

low cost, easy 

to be designed 

and modified 

with active 

groups

Low binding 

affinity; 

relatively low 

selectivity BD-Oligo 

24�8 

oligomer
)

N
B

N

F F

O

HO
O

O

Cl3C

480 nM 49

Antibody 

24�8 

residue3-8
)

6E10 70

Antibody 

24�8
40

 

fibril
)

WO1 71

Polymers

High 

sensitivity and 

selectivity for 

low-quantity 

detection; able 

to recognize 

multiple or 

single epitope 

High price and 

low stability; 

cannot be 

manually 

synthesized; 

likely to 

provoke 

undesirable 

immune 

responses; large 

molecular 

weight (~150 

kDa)

Antibody 

24�8
40/42

 

oligomer
)

A11

nM ~ pM

73

2.1. Antibody-based probes

Antibody probes are mainly derived from immune system and functioned through 

the antibody-antigen interactions. Antibody is a large Y-shaped protein (also known as 

immunoglobulin), typically composed of one large heavy chain and two small 

symmetrical chain lying on the heavy chain. Natural selection makes the amino-

terminal end of both light chains being served as common binding region (Fab, 

fragment antigen-binding region), which specifically targets its corresponding antigens 

to form stable antigen-antibody complex via spatial complementarity, dock-lock, and 

intermolecular non-covalent bonds74. 

Highly specificity and sensitivity of the antigen-antibody interactions have long 

been used for the diagnosis and (immune)therapy of different diseases, including AD 

and other neurodegenerative diseases75, 76. Early studies on the immunization of 

transgenic mice with �8 peptide exhibited an inhibition effect on the progression of 

AD-like neuropathology, suggesting the possible humoral immune response to the 

pathogenesis of the disease77, 78. While more than 1:10,000 serum antibody titers against 

�842 were found77, later transgenetic mice models and clinical trials only identified a 

much less number of ����4�8 antibodies capable for recognizing amyloid plaques in 

AD patient brains73. Among them, some ����4�8 antibodies79 to recognize the sera in 
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the healthy adults were further identified, so that in vitro immortalization of cell lines 

derived from healthy subjects was established to produce these ����4�8 antibodies used 

for �8 probes80. 

Most of �84����+����# (e.g. 6E1070, MOAB-281) were designed to only target the 

specific residues of monomeric �8 or amorphous �8 aggregates, which are likely off-

pathway AD species, Differently, conformational-specific �84����+����# were also 

developed to recognize the specific secondary structures (i.e. "��##484#���"����3 of high-

ordered �8 aggregates and fibrils71, 82, 83. The structural and conformational differences 

between unstructured �8 aggregates and highly-ordered �8 aggregates enable 

conformational-specific �84����+����# to recognize and distinguish them. These 

conformational-specific �84����+����# include WO171 for detecting �8 fibrils, A1173 

and F11G384 for detecting �8 oligomers. Antibodies for targeting �8 oligomers are 

particularly important for AD diagnostics and treatment, because �8 oligomers (e.g. 

spherical particles of 2.7-4.2 nm, linear strings, annular species) are well recognized as 

toxic and pathological species responsible for AD85.  

2.2. Aptamer-based probes

Similar to antibodies, aptamers have superior binding sensitivity to targeted 

proteins. The short single-stranded DNA or RNA oligonucleotides can bind to proteins, 

small molecules, or cells at nano- to picomolar dissociation constant (Kd)86. However, 

different from antibody binding, aptamers are more structurally flexible to change their 

three-dimensional structures for better accommodating with targets. Aptamers can also 

be readily incorporated with functional compounds (e.g. fluorescent small molecules 

and biotins) to achieve additional imaging or to improve stability upon binding65. 

Aptamers binding to �8 are generated in vitro, from a large pool of randomized 

nucleic acid sequences through the SELEX (systematic evolution of ligands by 

exponential enrichment) selection methodology. After exposing to �8
 �84��������� 

oligonucleotide sequences can be separated and synthesized to single stranded 

DNA/RNA aptamer87. However, the exact favorable binding sites between aptamers 

and �8 still remain largely unknown. Several studies have found that aptamers appear 

to have more favorable binding to �8 fibrils than �8 monomers or low-molecular-

weight oligomers. This favorable binding behaviors of aptamers were also observed for 

other amyloid fibrils of �-synuclein65, 88, prion proteins89, 90, tau protein91, 92, as well as 

ribonucleoprotein complexes (e.g. stress granules, RNA-processing organelles)93, 

indicating that a common 84#
��� structure in these biomolecules (not limited to 

amyloid fibrils) is highly possible binding targets for aptamers94-96. Additional, loop 

regions of the stem-loop structured aptamer were also found to be involved and critical 

for recognizing and interacting with �897. Apart from the geometrically shape 

complementarity, due to negatively charged phosphate groups in aptamers, 

polyelectrolytic interactions between aptamer and �8 also provide binding driving 

forces and sites for �8 detection. Such polyelectrolytic interactions are not structurally 

specific, instead more chemically and generally applied to detect �8 aggregates of 
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different sizes, shapes, and interfacial properties. 

While the exact binding mechanism of between aptamer and �8 is still not fully 

understood, several aptamers have been identified to target different aggregated states 

of �8. A representative RNA-based aptamer can reactive with �8 fibrils, with the 

lowest Kd of 29 nM66. Another 39-nucleotide DNA aptamer (RNV95) was developed 

to probe tetrameric and pentameric �840aggregates with 50-400 nM affinity18. Eight 

aptamers without sequence similarity (e.g. T-SO517: GGTGG-CTGGA-GGGGG-

CGCGA-ACG, T-SO554: CGAGG-GGCGT-CTGGG-AGTGG-TCGG, T-SO504: 

CAGGG-GTGGG-CAAAG-GGCGG-TGGTG, and T-SO508: GCCTG-TGGTG-

TTGGG-GCGGG-TGCG), which were originally designed to target Q4#(��"���� with 

Kd of 68 nM, can also bind to �8 oligomers to form G-quadruplex structures, with the 

minimum Kd of 25 nM, comparable to binding affinity of A11 and oligomer-specific 

scFV antibodies to �865. Oppositely, aptamers of KM33 and KM4195 that were found 

to bind to �8 fibrils could also recognize other amyloid fibrils of insulin, IAPP, 

lysozyme, and prion106�126, with 15�17-fold higher sensitivity compared to ThT 

fluorescence. In combination of charge or conformational-driving recognition capacity 

of aptamers, there are still a large room to design aptamers with integrated diverse 

functionalities for achieve the highly specific and sensitive probes for �8 detection. 

2.3. Peptide-based probes

In comparison with widely used biorecognition elements such as antibody, 

aptamer, enzyme, nucleic acid, protein receptor etc., peptides have many advantages, 

making them ideal candidates for biosensor development. Peptides can provide the 

excellent affinity and specificity of an antibody; They are small in size, significantly 

decreasing their susceptibility to proteases and non-specific binding/trapping of antigen; 

They can be mass-produced through standard solid-phase synthesis protocols at low 

cost.

Peptide-based probes can be readily designed in a way to have similar structure 

and sequence to the targeted �8. A general design principle of �84��������� peptides is 

to search similar sequence to �8 or similar characteristic 84#
��� structure to �8 by 

homologues sequence and structure mapping98. Specifically, �84��������� peptides is 

derived from different fragments of full-length �8. Since these fragmental peptides 

have the same sequences as their parenting �8
 they are very likely to fold into similar 

structure to �8 so as to recognize and bind to �8 via homologous interactions. Another 

design strategy of �84��������� peptides is inspired from the co-localization/cross-

seeding between �8 and other natural proteins in vivo. Small �������4�8 interactions 

are generally involved a wide combination of electrostatic forces, hydrogen bonds, 

hydrophobic interactions, and van der Waals forces. For instance, based on the cross-

seeding interactions, a hIAPP8-18 fragment exhibited strong binding to �840 with 275 

nM binding affinity68. Further studies have also identified different peptides to bind to 

�8. The rPK-4 polypeptide, homologous to PCM-1 protein (interacting with �8 in vivo), 

was found to bind �842 oligomers with nanomolar affinity via its binding sequence 
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(KDKTPKSKSK) located at the N-terminal67,99. 

Another new design strategy for peptide-based �8 probes is to derive from 

peptide-based amyloid inhibitors, because both �inhibition� and �detection� of �8 

aggregates requires the strong interactions to be occurred between inhibitors/detectors 

and �8. Many peptide-based inhibitors were designed from amyloid sequences. Due to 

sequence homology, it is not surprising to observe the binding affinity of peptide 

inhibitors with �8. For instance, most of peptide-based �8 inhibitors were derived from 

the central hydrophobic sequence �816-20 (KLVFF) and C-terminal fragment �839-42 

(VVIA)100, 101. To further improve binding affinity to �8
 two positively charged 

residues (R, K) were incorporated into LVFFA, which significantly promoted the 

binding to �8 via increased electrostatic interactions at the 84#
��� region of �8102, 103. 

Recently, we proposed a �like-interacts-like� hypothesis to de novo design different 

hexapeptides with self-assembled ability to form 84#
���4��"
 structures. These 

hexapeptides also demonstrated their sensing ability to interact with �8 via 84#
��� 

interactions with 0.8-4.5 [� binding affinity69.

2.4. Small molecule-based probes

Apart from the above-mentioned antibodies/aptamers/peptides being extensively 

used as amyloid probes, small chemical molecules are another type of amyloid probe.  

Since these small molecule probes often contain aromatic rings, quinones, and/or acidic 

hydroxyl groups, the favorable binding between small molecules and �8 mainly stems 

from the synergistic interactions of P4P stacking, hydrophobic interaction, electrostatic 

interaction. Specifically, small molecules including natural exists molecules (e.g. 

curcumin104, resvaretrol 105, catechin106, genistin107, tanshinone108) and synthetic 

molecules (e.g. Congo red109, indoles110, melatonin111) particularly target the 

structurally characteristic regions containing hydrophobic grooves, 84#
��� structure, 

planar structure, shape complementation, and aromatic/basic/acidic residues of �8 

aggregates. Small molecule are workable for probing different �8 aggregates, i.e. �8 

monomers, oligomers, (proto)fibrils, and plaques26, 30, 110.  

In addition to strong binding ability, some small molecules are fluorescent 

molecules (e.g. ThT39, ThS112, congo red113, ANS26), which also possess a self-emission 

property to display fluorescence upon binding to �8
 allowing for directly probing and 

visualizing simultaneously. These fluorescent molecules consist of a P4"��0������ 

system end-capped with strong donor and acceptor moieties 2�����\P\�""�����3. The 

binding between fluorescent molecules and �8 will causes conformational changes, 

restrict molecular motion, or induce Förster resonance energy transfer (FRET) changes, 

all of which trigger fluorescence emission along with a shift of the maximum emission 

wavelength �max in the emission spectra. For another type of small fluorescence 

molecules (e.g. Cur-N-BF2
36, TPE derivatives114, PD-NA115) capable for binding to �8 

and turning on fluorescence signals, they mostly contain molecular rotors (e.g. rotatable 

aromatic rings). Once they bind to �8
 the intermolecular interactions between small 

molecules and �8 aggregates will restrict the rotation of the rotors, which consume 
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excited-state energy through the rotation of the aromatic rotors, thus leading small 

molecules to decay via radiative channels. Taking advantage of the binding between 

�8 and small molecules, surface plasmon resonance (SPR)116 and quartz crystal 

microbalance (QCM)117 have been utilized for the qualitative and quantitative detection 

of �8 formation. Finally, from amyloid inhibition viewpoint, these small molecule 

probes have also been reported to possess the inhibition ability to prevent amyloid 

aggregation and even disassemble the preformed amyloid fibrils104, 107, 108, 118. 

3. Sensing Materials and Biosensors for �� Detection

Currently, there is still no any definitive biosensor used for AD diagnostics, 

because the precise AD-related biomarkers are not completely identified for diagnosis 

and response-monitoring. Despite of many invariably fails so far for AD diagnostics, 

tremendous attempts have also established different sensing strategies, designed 

different probes, and fabricated different biosensors for �8 detection with improved 

sensitivity and specificity at sub-stoichiometric concentrations. Among various 

biosensor systems for �8 detection, four types of the biosensors of fluorescent imaging 

sensors, electrochemical sensors, surface-enhanced Raman scattering biosensors, and 

colorimetric sensors stand out because of their high sensitivity and specificity, briefness, 

efficiency, and easy configuration. 

First, �seeing is believing�, so the most convincing diagnostic strategy is to 

develop different imaging approaches for targeting different AD biomarkers. 

Considering that the existence of �8 plaques and tau tangles is compelling evidence in 

the biopsy sampling and staining of AD brain tissues, different imaging techniques and 

agents, including positron emission tomography (PET) imaging, single-photon 

emission computed tomography (SPECT), and magnetic resonance imaging (MRI), 

have been developed to detect and image �8 plaques and/or tau tangles119, based on 

distinct �8 or tau pathology hypothesis. Moreover, small fluorescent molecules (e.g. 

thioflavin T, Congo Red, Pittsburgh compound B, aggregation-induced emission 

molecules) have been developed to detect �84+�#�� biomarkers for ex vivo and in vivo 

imaging due to their multiple advantages of strong blood�brain barrier (BBB) 

permeability, specific targeting of 84#���"����4��"
� �8 aggregates, and fast clearance 

kinetics. Generally, these fluorescent molecules contain several aromatic rings in a 

small and planar structure and possess the longer wavelength excited states near the far-

red or NIR regions. Such structural features enable them to interact with similar 

aromatic or planar residues in the 84#
��� regions of �8 aggregates via P4P stacking and 

hydrophobic interaction, with possible additional binding affinity of hydrogen bondings 

in some cases. Strong binding affinity of fluorescent molecules to �8 aggregates will 

induce restricted rotational motion of fluorescent molecules in a local congested 

environment and trigger their intramolecular charge transfer (ICT) states, leading to 

enhanced fluorescence emission at the deep tissue regions. Probes with a flexible P4

conjugated backbone offers strong fluorescence enhancement with minimized 

background signal when they bind to �8.
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Second, colorimetric sensors are mainly built on stimuli-responsive colorimetric 

materials, which offer the easy and convenient detection of �8 in response to external 

stimuli. Most of colorimetric sensors employ gold nanoparticles (AuNPs) as sensing 

elements due to their unique surface plasmon resonance effect. To improve better 

detection sensitivity and selectivity of �8
 AuNPs are often functionalized with 

designed ligands (e.g. antibodies120, enzymes121, aptamer122, zeolitic frameworks20, and 

peptides64) to create specific nanoprobes with strong binding affinity to �8. On the 

other hand, the size of nanoparticles and the nanoparticle-coated ligand interactions also 

strongly affect sensor performance. 

Third, electrochemical and biochemical sensors are another typical diagnostic 

approach123, 124. A general working principle of electrochemical biosensor for �8 

detection is based on (i) specific electron-transfer reactions between electroactive 

residues (Tyr10, His6, His13, His14, and Met35) and designed receptors (e.g., antibody, 

binding agents), (ii) �84����"�� metal ion homeostasis (Ca2+, Zn2+, Cu2+). Since metal 

ions often bind to �8 and consequently modify �8 aggregation pathways, novel ion 

selective electrodes (ISEs) are typically used as the sensing platform to ensure specific 

selectivity ions of interest. Chemical signals resulted from ���+�4�8 binding will be 

converted to detectable electronic signals via an electrochemical transducer (e.g., an 

electrode or field-effect transistor). 

Four, advanced spectroscopic techniques, such as infrared and Raman 

spectroscopy, offer high sensitivity (pM detection limit) and inherent selectivity to 

detect �8 aggregates, but they also limited by complex instrumentation and additional 

reagents being introduced to the sample milieu. Different from other biosensors that 

only detect one targeting biomarker at a time, spectroscopic sensors can simultaneously 

distinguish a range of different biomarkers in a complex sample (e.g. tissue, CSF, blood) 

via �spectral fingerprint� peaks. Almost all of the above-mentioned biosensors are still 

limited to mature �8 (proto)fibrils or plaques or to the validation of dementia symptoms 

at the very late stage, and early �84����� ��4��������� diagnosis is still not 

convincingly established. Thus, the early and accurate of �8 detection is critical for 

both AD diagnostics and AD treatment before significant brain damage and neuronal 

loss become irreversible. 

3.1. Fluorescent imaging sensors

Fluorescent imaging sensors are considered as the most reliable diagnostic tool to 

distinguish AD patients from normal controls by in vivo detecting �8 plaques in human 

brains for monitoring the neurodegenerative progress of AD. To achieve this goal, a 

combination of clinically useful fluorescent probes (e.g. 11C-PiB125, 18F-

Flutemetamol126, 127, 18F-Florbetaben128, and 18F-Florbetapir129, 130) and novel imaging 

techniques (e.g. positron emission tomography (PET), single-photon emission 

computed tomography (SPECT), and magnetic resonance imaging (MRI)) has been 

developed for clinical use with color image readings to facilitate AD diagnosis. 

However, these neuroimaging sensors mainly target �8 plaques, which are 
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questionable about their serving as major neurodegeneration biomarkers. Technically, 

in vivo �8 probes to achieve high resolution imaging also require high quantum yield 

upon binding, near-infrared (NIR) emission wavelength beyond the background tissue 

auto-fluorescence range (ideally between 650 nm and 900 nm), high metabolic stability, 

high blood-brain barrier (BBB) permeability, low toxicity, and fast brain uptake and 

washout kinetics, all of which add up to major technical hurdles and motivate efforts to 

develop alternative imaging sensors.

Ex vivo optimal images offer more diverse and relatively convenient ways to 

analyze �8 samples collected from the brain slices, CSF, and blood at different disease 

stages with high-resolution images both in vivo and in vitro. The first fluorescent 

thioflavin-T (ThT) probe used for amyloid detection was traced back to 195939. Since 

then, ThT is the most commonly used fluorescence chemicals for amyloid fibril 

detection (not limited to �83. ThT is planar molecular and contains both electron 

acceptor (benzothiazole) and donor (aniline), allowing it to freely rotate around the C-

C bond at unbound state. But, ThT favors to bind to the hydrophobic 84#
��� grooves 

of �8 aggregate with binding affinity of 580 nM125, which would restrict the motion of 

ThT and suppress fluorescence quenching, leading to red-shift in fluorescence emission 

maxima from 440 nm (excitation at 350 nm) to 482 nm (excitation at 450 nm)131.

Following the similar binding-induced fluorescence mechanism, many probes (e.g. 

PiB, BODIPY derivatives, CRANAD derivatives, and DANIRs) have been designed 

and discovered to show high binding selectivity and affinity to the hydrophobic grooves 

on the 84#
��� surface along �8 fibril axis and to exhibit a variety of responses to 

amyloids, such as intensity changes, shifts in fluorescence maxima, and variations in 

lifetimes (Figure 3). For example, PiB as a ThT analogue is designed to improve the 

penetration and clearance in the brain through the structural modification for increasing 

lipophilicity/hydrophobicity and making electrostatic neutral40. Similar to PiB, another 

series of benzothiazole Schiff-bases, a combination of pharmacophore structure of PiB 

(i.e. benzothiazole and pheny group) and C=N as linker, were synthesized to improve 

binding affinity to !4�8 up to 4.38 nM132. To achieve long wavelength emission, 

properly electronic structure is required on the basis of the similar push-pull 

architecture to ThT, e.g. suitable donor and acceptor pair with a smaller HOMO-LUMO 

gap, interconnected by highly polarizable P4"��0������ bridge are expected to emit 

fluorescence in NIR region. NIAD-441, as a �8 plaque-targeting NIR probe, possesses 

a donor group (p-hydroxyphenyl) and a acceptor group (dicyanomethylene) connected 

by dithienylethenyl P4+�����. NIAD-4 can cross BBB to bind to �8 aggregates, and 

upon its binding, NIAD-4 emits strong fluorescence of >600 nm with a striking 400-

fold signal enhancement, leading to high binding affinity (10 nM) in vivo. Other 

classical NIR probes with the donor�acceptor architecture include boron 

dipyrromethane (BODIPY) based fluorescence molecules22 (e.g. BODIPY742, BAP-144, 

Aza-BODIPY133, BD-Oligo49) with high quantum yield, BBB-penetrating curcumin 

derivatives (e.g. CRANAD-245, CRANAD-3134, CRANAD-5824), DANIRs43, styryl-

based probe46, and IRI-1 probe19, all of which exhibit a high specificity toward �8 
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plaques with high binding affinity of 27-380 nM in vivo, not tau or Q4#(��"���� fibrils135. 

Different from these above-mentioned fluorophores that may suffer from 

aggregation-caused self-quenching (ACQ) at �8 aggregate sites, aggregation-induced 

emission fluorogens (AIEgens) feature several advantages for detecting protein 

aggregates, including lower background, higher signal-to-noise ratio and sensitivity, 

better accuracy, and more outstanding resistance to photobleaching35. AIEgens recently 

have been used as amyloid probes to monitor the fibrillation process of different 

amyloid proteins. A general working principle of AIEgens lies on the fact that upon 

AIEgens to the hydrophobic 84#
���4#���"����# of �8 aggregates, aggregation-induced 

restriction of intramolecular rotations, transition, and/or vibration turns on the charge 

transition from a local excited state to the intramolecular charge transfer state, initiating 

fluorescence emission. The 1,2-bis[4-(3-sulfonatopropoxyl)phenyl]-1,2-

diphenylethene sodium salt (BSPOTPE) was the first iconic AIE luminogen and used 

to monitor insulin aggregation ex situ (�ex = 350 nm, �em = 480 nm) and to suppress the 

insulin fibrillation at very low dose23. Later, tetraphenylethene tethered with 

triphenylphosphonium (TPE-TPP), was synthesized and used to probe �-synuclein with 

a much high signal-to-noise ratio than ThT47. Apart from the AIEgens for the amyloid 

fibrillation detection and monitoring in solution, AIEgens can also work in living 

tissues and cells in AD brain by conjugating with peptides/proteins, DNA/RNA, 

carbohydrates, and nanoparticles to facilitate BBB permeation, enhance NIR 

wavelength range, and to maintain the fluorescence-off state before binding to �8 

deposition136. To obtain superior spatiotemporal resolution, a series of AIE-active 

molecules were designed and synthesized with nearly planar donor�acceptor structures. 

Unlike traditional AIEgens, since the planar-like structure of AIE-active molecules 

facilitate the molecular insertion into the 84#
��� structure of !4�8
 AIE-active 

molecules can image �8 plaques in the brain slices of Tg mouse ex-vivo with ~30 nm 

optical resolution115. Another AIEgen example is QM-FN-SO3, which was rationally 

designed by introducing lipophilic P4"��0������ thiophene-bridge to extend the 

fluorescence emission wavelength to a NIR region at 720 nm, with the higher binding 

affinity (compared with ThT) to �8 plaques in AD-model mice.48 
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Figure 3. Two typical ACQ- and AIE-based fluorescent probes for �8 detection. 

Higher binding affinity is correlated with larger molecular size of these probes for eye 

guidance, with an identified emission wavelength range for each probe. 

Apart from insoluble amyloid plaques in brain, soluble �8 oligomeric aggregates 

are considered as the most neurotoxic intermediates, which exist in CSF and plasma 

and are more biologically relevant to the neurodegeneration of AD137.  Thus, �8 

oligomer-targeting probes in CSF or blood samples are more beneficial for clinical 

diagnosis. BODIPY-Oligomer (BD-Oligo)49, as the first designed oligomer-specific 

fluorescent probe, responded strongly (Kd = 480 nM) to �8 oligomers at �em = 530 nm. 

The BODIPY ring and the phenyl ring are recognized by hydrophobic F19/V36 

residues, and the carbonyl group of BD-Oligo forms CH-O bonding with V36 residue 

in oligomeric �8. Intraperitoneal injection of BD-Oligo into Tg mouse allowed it to 

penetrate across BBB and present fluorescent labeling of brain tissues without 

observable toxicity. Moreover, due to metal ion chelation with �8
 ratiometric BPNS 

probe was designed to capture a complex of Zn2+-bound �8 oligomer in diluted blood 

serum21. While several studies24, 133, 134, 138-140 have reported that fluorescent amyloid 

probes can bind to both oligomeric and fibrillary amyloids with different binding 

affinity and distinguish them with different fluorescence intensities, major efforts are 

still needed to develop fluorescent-based probes to strongly discriminate oligomeric �8 

from fibrillar �8. 
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3.2. Electrochemical �� sensors

Different from neuroimaging techniques for �8 detection that require 

sophisticated instruments, tedious clinical process, expensive labels, and highly skilled 

researchers, electrochemical �8 sensors are simple, rapid, inexpensive, and label-free 

techniques for the detection of �8 aggregation. A number of electrochemical �8 

sensors have been developed for detecting �8 species, its aggregation kinetics, and 

interactions with drugs, antibodies, and metal ions in aqueous solutions, cell-derived 

samples, CSF, and blood141-144. A general sensing principle is relied on the specific and 

high affinity interaction between electrodes and �8
 but from a targeting viewpoint of 

�8
 most of electrochemical sensors are designed to target the electroactive residues of 

Tyr, His, Met in �8 via redox oxidation. Since �8 contains one Tyr, Met and three His, 

the adsorption-induced oxidation of these residues of �8 on electrodes allows to trigger 

the intermolecular electron transfer rate of redox reactions and the rise of oxidation 

current peaks (Figure 4a)145, 146. However, A8 misfolding and aggregation often affects 

the proximity of Tyr, His, Met to the transducing electrode; leading to the reduction in the 

oxidation signals. This poor signal transductivity would become even more pronounced in 

blood and CSF samples where nonspecific protein adsorption (e.g. albumin, globulin, 

fibrinogen) on the electrodes will further interfere with electrochemical signals (i.e. 

oxidation current) as produced by the specific A8-probe interactions. To overcome such 

poor selectivity, different chemical-to-electrical signal amplification strategies have 

been proposed and implemented to improve their detection sensitivity and limit, 

including (i) the coating of a combination of nanocomposites (e.g. nanoparticles, metal-

organic frameworks, carbon-based materials) and probes (e.g. peptides, enzymes, 

antibodies) onto electrodes, where the former to increase electronic conductivity and 

the latter to enhance signal-to-noise ratios and (ii) the development of multilayer or 

sandwich structures on electrodes to enhance the electronic transmission capability 

between electrode surfaces and �8147. Apart from sensing materials, use of different 

methods for electrochemical signal analysis also impacts the detection limit of �8
 

including voltammetry (e.g. square wave voltammetry, SWV141; differential pulse 

voltammetry, DPV148, 149; linear-sweep voltammetry, LSV58; and cyclic voltammetry, 

CV150, 151), electrochemical impedance spectroscopy (EIS)152, and electro-

chemiluminescence assay (ECL)50. 

Based on the above mentioned design principles, a number of different biosensors 

were developed for detecting different species of �8 ranging from monomers, 

oligomers, to fibrils/plaques by coating the electrodes with fluorescence molecules, 

nanoparticles, peptides, and antibodies to expand detection limits and signal 

amplification via redox cycling, enzymatic catalysis, and plasmonic effects between 

electrodes and �8153-156. Among them, the most straightforward electrochemical 

sensors for �8 detection is to coat fluorescence molecules (e.g. ThT and Congo red) on 

the electrodes and used them as recognition motifs to interact with the 84#
��� structure 

of �8 so as to generate anodic oxidation signals for detection157, 158. A nanostructured 

isoporous membrane57 of block copolymer poly(styrene-b-4-vinylpyridine) was 

functionalized with Congo red (CR) probes, followed by the placement of CR-coated 
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membrane on PEDOT:PSS channels, thus producing a micron-scale organic 

electrochemical transistor (OECT)-based membrane microchannel sensor with a 

channel width of �@@_[  and a channel length of �@_[  (Figure 4b). The resultant 

OECT membrane sensors showed specific recognition and interactions with �8 

aggregates via membrane-coated CR in human blood serum, with �8 detection limit of 

���_��. 

Uses of metals NPs to modify the electrodes become another common strategy to 

develop NP-based electrochemical sensors for �8 detection with enhanced electrical 

conductivity. A very simple electrochemical sensor was developed by the coating of 

gold nanoparticles (Au NPs) of different sizes on the indium tin oxide (ITO) electrode 

in the presence of antifouling polyethylene glycol (PEG) as surfactant agents. The 

resultant AuNPs/ITO sensors achieved a significantly redox signal enhancement and 

the low detection limit of 50`nM for �8 in PBS159. But due to lack of specific binding 

between AuNPs and �8
 this sensor is very unlikely to be worked in the mixed or 

complex media (e.g. multiple protein solution, blood serum, CSF). 

Several peptide-based electrochemical biosensors were also developed by 

immobilizing (i) cysteine-containing PrP95�110 peptide150 , (ii) ferrocene (Fc)-labeled 

MUA-RGTWEGKWK160 and KLVFF peptides17, and (iii) cucurbituril161 onto a gold 

electrode for the capture of �8 oligomers from several blood serum samples, with a 

detection limit of 3 pM, 240 pM, and 48 pM, respectively. While all electrode-coated 

peptides have a completely different recognition sequences, they both contain aromatic 

residues for recognizing and binding to �8 oligomers via hydrophobic interaction and 

P4P stacking. 

Due to the non-redox nature of ����+��(4�8 interactions, antibody-based 

electrochemical biosensors were developed to detect �8 species using antibody-

modified electrodes153, 162. Since the mAb is well known to have a selectively binding 

to the common N-terminus of all �8 species, mAb-modified sensors exhibited strong 

selectivity and specificity to detect �840, �842 and �816 from CSF with a detection limit 

of 5-10 pM. Such high selectivity is attributed to (i) the strong antibody�antigen (mAb-

�83 interactions and (ii) the signal amplification of AuNPs to promote the oxidation 

current. Different from one-vs.-one ����+��(4�8 strategy, a triple-barrel carbon fiber 

microelectrode was developed by anchoring three �84��������� antibodies of mHJ2, 

mHJ7.4, and mHJ5.1 on carbon fiber microelectrodes163, where each microelectrode 

contain one type of �84��������� antibody. The triple antibody-modified microelectrode 

showed not only the lower detection limit of �840 and �842 in CSF (20 nM), but also 

the faster response time (7 min) than three single-antibody microelectrodes with 1000 

nM of detection limit and 6-hours of response time. 

To further improve detection limit of electrochemical biosensor for �8 detection, a 

more common strategy is to combine multiple signal amplification methods153 by using 

ALP-based p-aminophenol (p-AP) redox cycling to increase in the anodic current and 

Page 19 of 36 Journal of Materials Chemistry B



20

mAb antibody-covered electrodes to improve specific  �+4�8 interactions. Both 

effects promoted a detection limit to 5 pM for �842 and total �8 from artificial CSF. 

Similarly, another electrochemical electrodes (Figure 4c), modified by three 

conjugated components: silver nanoparticles (AgNPs) as the redox reporters, PrP95�110 

as specific �8 oligomer-binding peptide, and 84"("��������� 284��3 as electrochemical 

signal amplifier, were developed to show highly specific detection for �8 oligomer 

with a detection limit of 8 pM, but no response to �8 monomers and fibrils58. An 

integration of curcumin and Ni on electrodes allowed to promote ion charge transfer 

and electron transport via the redox reaction between porous Ni-foam and electroactive 

residues in �8
 while still maintaining specific binding of curcumin to �8 oligomers 

via through hydrophobic interactions between at the hydrophobic phenyl and methoxyl 

groups of curcumin and the nonpolar regions of the �8 oligomers56, leading to the 

detection limit of �8 oligomers at a range of 1 pM to 10 nM in artificial CSF (Figure 

4d).  

Furthermore, it is more challenging and promising to develop 

electrochemiluminescence (ECL) sensors for �8 detection, an ideal integration of both 

electrochemical and luminescent materials into a combined electrochemical and 

spectroscopic electrode. As a proof-of-concept example, the �light switch� 

[Ru(phen)2dppz]2+ molecules were introduced into a paper-based bipolar electrode 

(Figure 4e). The light-switch [Ru(phen)2dppz]2+ molecule showed no ECL in aqueous 

solution, but exhibited strong ECL when binding to as low as 100 pM of in PBS solution, 

as well as detectable signals from CSFs of APP/PS1 transgenic AD model mice. 

Another complex example of ECL sensors was designed by first preparing a hybrid 

dimethyl diallyl ammonium chloride (PDDA)/MnCO3/AuNPs platform, followed by 

the anchoring of HWRGWVC (HC-7) antibody on (PDDA)/MnCO3/AuNPs for �8 

detection51, where MnCO3 nanospheres were used as ECL emitter, AuNPs as promotor 

for electrical conductivity, and HC-7 as specific binding acceptor for �8 (Figure 4f). 

The resultant MnCO3/PDDA/Au/HC-7 ECL sensors enabled to achieve the ultralow 

detection limit of �8 at 19.95 fg/mL in human CSF. 
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specifically binding to �8
 followed by the use of Congo red to quantify the SERS 

signals for determining the surface amount of nanoshell-bound �859. A linear 

correlation between SERS signals and �8 concentrations reveals a detection range of 

�8 between 1 pM and 10 nM. Later, an improved SERS sensor was developed by 

conjugating Rose Bengal (RB) dye on AuNPs, in which RB is used to emit fluorescent 

signal, report SERS spectrum, and bind to �8 simultaneously (Figure 5b)62. RB-

AuNPs conjugation significantly enhanced Raman signals, while the interaction 

between RB-AuNPs and �8 induced a remarkable enhancement in fluorescence 

emission. The RB-AuNPs were used for both SERS-based detection of �842 peptides 

and fluorescence-based imaging of amyloid plaques, both of which contributes to the 

detection limit of ~0.25 �M, but its detection sensitivity was still needed to be improved. 

Apart from the use of amyloid dyes as bio-selective receptor in SERS-based biosensors, 

a sandwiched immunosensor consisting of sliver nanogap shells (AgNGSs) and �84

targeting antibody of CAb on magnetic beads (CAb-MB) was able to �840 and �842 in 

human serum based on ~107 enhancement of SERS signals from the bound AgNGSs, 

which led to the detection limits as low as 0.25 pg/mL (Figure 5c)60. 

Different from the use of bare AuNPs, dye-coated, and antibody-coated AgNPs for 

�8 detection, an aptamer-based SENS sensor, i.e. Raman dye-coded polyA aptamer-

AuNPs (PAapt-AuNPs), was also developed (Figure 5d)61. This strategy relies on the 

fast and strong DNA-AuNP conjugation, in which polyA block oligonucleotides serve 

the two roles in anchoring onto the surfaces of AuNPs and containing antitarget aptamer 

for �8 detection. Upon specific binding of aptamer to �8
 such binding induced the 

detachment of polyA block oligonucleotides from AuNPs, thus turning on plasmonic 

coupling e�ect between adjacent AuNPs for �8 detection. This SERS assay can achieve 

a fast and sufficient detection of both �842 oligomers and Tau protein simultaneously 

in CSF at a detection limit of 3.7 × 10\� nM and 4.2 × 10\< pM, respectively. 

Despite of the innate ultra-sensitivity of SERS spectroscopy, the conventional 

SERS-based biosensors require two or multiple materials/components to serve as 

chemical reporter and bio-selective receptor, so the undesired vibrational spectra from 

diverse interference is considered as inherent limits that affect the accuracy of SERS 

spectra. Most SERS sensors rely on the sandwich reaction between plasmonic surface 

(metal NPs), Raman reporter (FC, p-MBA, and DTNB), and bio-selective receptor 2�8 

probe), which requires process-tedious, time-consuming, labor-intensive fabrication 

steps. Additional drawback of conventional SERS sensors is to use wash and separation 

steps to collect ������4#��"�b" SERS tags for determining detection efficiency, instead 

to directly generates a #��"�b" SERS signal from 6$�64���4�8 (not limited to �83 

interactions. Thus, the construction of rapid, convenient, and cost-e�ective multiplexed 

SERS assay methods is crucial to investigate the early detection of �8 and the diagnosis 

of AD. 
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Figure 5. Surface-enhanced Raman scattering biosensing platform for �8 detection. 

(a) Mechanistic illustration of Raman signal enhancement on nanometal surfaces upon 

binding of analyte molecules. (b) Rose Bengal-conjugated AuNPs to achieve dual 

SERS/fluorescence signal enhancement for �8 detection. (Reprinted with permission62, 

copyright 2019 Springer Nature) (c) AgNGS sandwich nanoprobes for the detection of 

�840 and �842. (Reprinted with permission60, copyright 2019 John Wiley & Sons) (d) 

PA-aptamer/Dye/AuNPs conjugates based multiplexed SERS sensor using for 

simultaneous detection of �8 oligomers and Tau proteins. (Reprinted with permission61, 

copyright 2019 American Chemical Society)

3.4. Colorimetric �� sensors

The abovementioned �8 sensors, including fluorescent probes, electrochemical 

probes, and SERS platforms, all require additional equipment for signal read-out and 

analysis. Differently, colorimetric sensor is more attractive for preliminary tests due to 

its simple operation, high sensitivity, low cost, and quick read-out by naked eyes167. 

Take advantage of the visible color change from interparticle plasmon coupling during 

the aggregation or re-dispersion of AuNPs, AuNPs have been long used as colorimetric 

agents for detection of small molecules168, 169, nucleic acid170 and proteins171. In 

principle, the well-dispersed AuNPs with the diameter of 10-50 nm display red color in 

solution, but once AuNPs start to aggregate, the solution will slowly change its color to 

blue due to the surface plasmon absorption-induce red shift effect. 
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Colorimetric strategies for �8 detection require the careful control on the 

aggregation of AuNPs for achieving both high selectivity and sensitivity. Generally 

speaking, controlling AuNPs aggregation in the presence of �8 requires the selective 

binding between �8 and AuNPs, as well as stabilizing forces to retain �84��:A# 

complexes. As a typical strategy to address �84����"�� AuNPs aggregation, AuNPs 

conjugated with �842 C-terminal antibody and N-terminal antibody (C-Ab42-AuNP and 

N-Ab42-AuNP) allowed to specifically bind the C- and N-terminal of �842 with the 

lowest detection limit of 2.3 nM172. In the presence of equal amounts of C-Ab42-AuNP 

and N-Ab42-AuNP, a very small amount of �8 will induce AuNPs aggregation by 

binding C-Ab42-AuNP and N-Ab42-AuNP to the C- and N-terminals of �842, 

accompanied with color change from red to blue in a detection range of 2.3�300 nM. 

This strategy can further apply to detect �8 from diluted human serum (20%) at a 

detection range of 50�350 nM (Figure 6a). A dual-functionalized AuNP was designed 

by covalently linking both Cu2+ and hemin onto the same polyethyleneimine (PEI)-

modified AuNP surface to probe �8173, on the basis of distinct strong binding of organic 

compound heme (ferriprotoporphyrin IX) to �8 and inorganic Cu2+ to the histidine 

residues and the N-terminus of �8. The resultant PEI/AuNP�Cu�hemin probe 

displayed a visible color change from red to blue in response to the binding of �842 

monomers in a wide range of 0.2-5000 ng/ml, with a detection limit of 40 pg/ml (Figure 

6b). 

To avoid the tedious surface modification of AuNPs, another colorimetric sensor 

composed of AuNPs and freely dissolved �8 binding component (e.g. Cu2+, PrP95�110) 

was developed to achieve the colorimetric detection of �8 at optimal conditions (i.e. 

pH and binding component concentrations). For example, in the colorimetric �840 

detection assay composed of AuNPs and freely dissolved Cu2+ (AuNPs/Cu2+)63, along 

with the increase of solution acidity (pH <5), electrostatic interactions between 

positively charged �840 (pI dE.E3 and negatively charged AuNPs contribute to the 

formation of stable non-covalent bindings between �840 and AuNPs. The coexistence 

of Cu2+ and the dispersed �840-binded AuNPs tended to gradually aggregate via the 

strong binding of Cu2+ to the histidine residues and the N-terminus of �8
 leading to 

the visible color change from red to blue. As a result, the AuNPs/Cu2+ colorimetric 

sensor could achieve maximal response to �840 at pH=5, with a detection limit of 0.6 

nM and a linear colorimetric-concentration relationship in the �840 concentration range 

of 10.5-261.3 nM (Figure 6c). 

Later, an AuNPs/PrP95-110/CdTe QDs sensor was developed with dual 

colorimetric and fluorescent detection ability toward �8 oligomers. PrP95�110 derived 

from cellular prion protein was introduced as a main component for the colorimetric 

detection of �8 oligomers and the aggregation of AuNPs. CdTe quantum dots (CdTe 

QDs) functioned as fluorescent indicator, which emit fluorescent signals but will be 

strongly quenched in the presence of dispersed AuNPs due to the inner filter effect. 

Initially, upon AuNPs aggregation in the presence of PrP95-110, AuNPs/PrP95-110/CdTe 
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QDs solution displayed blue color and strong fluorescence. However, when �8 

oligomers were introduced to AuNPs/PrP95-110/CdTe QDs solution, �8 oligomers 

competed with AuNPs to interact with PrP95�110, which triggered the binding of �8 

oligomers to PrP95�110 along with the reduction of AuNPs aggregation. The re-dispersed 

AuNPs in response to the binding with �8 oligomers lead to the color change of bulk 

solution from blue to red, as well as quench the fluorescent signal of CdTe QDs 

simultaneously. The resultant AuNPs/PrP95-110/CdTe QDs sensor exhibit colorimetric 

detection limit of 0.5 nM and good linear relationship between signal and �8 oligomer 

concentration in the range of 1 nM to 0.5 [�
 and a fluorescent response with detection 

limit of 0.2 nM, and linear decrease of fluorescent signal at �8 oligomer concentration 

of 0.5 nM- 0.1 �M64 (Figure 6d).

Currently, colorimetric amyloid sensors are still at its infant stage, with very few 

proof-of-concept systems being developed for only testing pure �8 solution or a 

mixture solution of �8 and other proteins (e.g., BSA, IgG, or thrombin). Different 

factors including pH, temperature, and salts have large influence on colorimetric signals. 

Thus, developing a new colorimetric system in a distinguishable color range and with 

optical responses is highly desirable for �8 detection.

(a) (b)

(c)

(d)
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Figure 6. Colorimetric sensors for �8 detection. (a) AuNPs@C/N-Ab(1-42) colorimetric 

sandwich immunosensor for �842 with a detection limit of 2.3 nM (Reprinted with 

permission172, copyright 2017 Elsevier) (b) PEI/AuNP�Cu�hemin colorimetric probe 

for �842 detection with a detection limit of 40 pg/ml. (Reprinted with permission173, 

copyright 2015 Royal Society of Chemistry) (c) AuNPs/Cu2+ colorimetric assay for 

�840 detection at pH=5 with a detection limit of 0.6 nM. (Reprinted with permission63, 

copyright 2015 John Wiley & Sons) (d) AuNPs/PrP95-110/CdTe QDs colorimetric and 

fluorescent sensor for �8 oligomers with a detection limit of 0.5 nM (colorimetric 

detection) and 0.2 nM (fluorescent detection). (Reprinted with permission64, copyright 

2016 Elsevier)

4. Conclusions and Perspectives

Nowadays, while there are still no curable drugs and definitive diagnosis for AD 

treatment, significant progress and many clinical failures in AD treatment and 

diagnostics have helped to not only rule out some false or ineffective hypotheses, but 

also advance the understanding of the complex pathogenesis of AD, both of which will 

pave the pathways to major breakthroughs and final success against AD. From a 

diagnostic viewpoint, a major challenge for AD diagnosis is to truly identify AD-related 

biomarkers and underlying biological functions. AD, as a multifactorial disease, is often 

associated with other diseases (e.g. cardiovascular diseases, inflammatory disease, 

hypertension) and neurodegenerative disorders (e.g. PD and T2D). So, the mixed 

pathologies in these coexisting diseases make even challenging to truly identify the 

AD-related biomarkers. While different diagnostic and prognostic biomarkers have 

been proposed, none of them has achieved statistically clinical benefits and some of 

them even cause controversial results for investigating separate pathological pathways. 

These failures have prompted re-examination of the hypothesis, e.g. targeting single 

AD biomarker is likely not a working strategy for AD diagnostics, instead the 

development of multi-targeting techniques and compounds capable of simultaneously 

detecting several pathological biomarkers perhaps provides new strategies and 

solutions to undertake the complex diagnostics and pathologies of AD. It is also 

important to understand the pathological relationship between different biomarkers (e.g. 

�8
 tau, cholesterol, IgG or IgM indices, CSF:serum albumin ratio, and others13).

Second, blood- or CSF-based diagnosis, as the most emerging and promising 

strategy towards clinical trials, also face a great challenge for their low detection 

sensitivity and accuracy. Since both blood and CSF contains different AD biomarkers, 

current �84��������� probes are lack of ability to distinguish �8 from other AD-related 

biomarkers and AD-unrelated circulating autoantibodies/proteins in blood or CSF. 

Moreover, the concentration of AD biomarkers in blood or CSF are extremely low at a 

level of pg/ml (e.g. 25-85 pg/ml of �8 in blood and 300-420 pg/ml of �8 in CSF)13, 174, 

which add additional technical barriers for precise ultrasensitive detection, not to 

mention that the analysis of CSF is an expensive, invasive, and very painful process 

particularly for the elder AD patients. To realize the discrimination of �8 from other 

AD biomarkers or AD-unrelated substances, an in-depth understanding on the 
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structural details of �8 is required to improve the specificity of �84��������� probes. 

Additionally, �8 diagnostic sensitivity would be improved by combining the diagnostic 

strategies (e.g. trap or screen out unrelated proteins/substances) and adequate signal 

processing (e.g. signal amplification or background cancellation).

Third, despite the great efforts and progress in the detection of �8 

protofibrils/fibrils/plaques with well-defined 84#���"����#
 however, it is challenging to 

detect amyloid oligomers. It is generally accepted that �8 oligomers are more 

pathologically relevant species than �8 fibrils or monomers due to their high toxicity 

to neuronal cells. However, since �8 oligomers are structurally disordered, unstable, 

and polymorphic without 84#
���4��"
 structure as a fingerprint binding motif, it 

remains a great challenge to design structural-based oligomer-specific probes for 

detecting �8 oligomers. Additionally, �8 oligomers have a broad range of structural 

and property variations in size, shape, solubility, charge, and hydrophobicity, making 

even more challenging to design a universe probe for detecting or distinguishing all or 

specific �8 oligomers. Design of conformation-dependent antibodies could be a 

feasible strategy to detect and distinguish �8 oligomers from 84#���"����4��"
 �8 

protofibrils/fibrils because of the fundamental differences in the peptide backbone. 

Fourth, from computational viewpoint, the rapid advance in artificial intelligence 

(AI), deep learning, and data mining provides opportunities for the discovery and 

development of innovative �84��������� probes. Quantitative structure�activity 

relationships (QSAR) and computational chemogenomics can be used to design 

different �84��������� probes, predict their probe��8 interactions, and assess the 

sensing efficacy of the designed probes. But, a significant hurdle to discovery of �84

targeting probes is to reconcile the inconsistent �84��������� probe data obtained from 

different labs for constructing a reliable and benchmark dataset for AI-assisted probe 

discovery. In addition, molecular simulation techniques (e.g. coarse-grained 

simulations, multiple-resolution models, enhanced sampling algorithms, and accurate 

atomistic force fields) are highly promising to achieve computational structure-based 

design of �8 probes, including the exploration and understanding of binding 

mechanisms between probes and �8 in different environments (e.g. aqueous solution, 

lipid bilayers, cell-mimic membranes), determination of binding sites, binding forces, 

and binding structures, and assessment of binding selectivity of the probes with respect 

to different �8 species. 

From a different viewpoint, considering that �inhibition� and �detection� of �8 

requires the strong interactions to be occurred, hypothetically all �8 inhibitors could be 

used as �8 detectors, and vice versa. High-throughput screening can be used to screen 

�8 inhibitor libraries to discover potential probes for �8 binding and detection. These 

inhibitors or probes could be mutually used for study the kinetics of amyloid 

aggregation, the elucidation of binding sites in amyloid structures, and the staining of 

amyloids aggregates in vitro, ex vivo, and in vivo. All challenges require a critical and 

complete understanding of AD from different mechanistic aspects (e.g. APP cleavage, 
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�8 and tau misfolding and aggregation, protein transmission between cells). Finally, 

increasing research funding is also a very important factor for maintaining momentums 

to resolve these key issues and challenges and for continuously making progress 

towards the effective diagnostics and therapies of AD.  
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