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ARTICLE INFO ABSTRACT

Keywords: Alzheimer's disease is a debilitating and largely untreatable condition with subtle onset and slow progression

Alzheimer's disease over an extensive period of time, which culminate in increasing levels of disability. As Alzheimer's disease

Optical prevalence is expected to grow exponentially in the upcoming decades, there is an urgency to develop analytical

Electrochemical technologies for the sensitive, reliable and cost-effective detection of Alzheimer's disease biomarkers. Biosensors

imsensor ol are powerful analytical devices that translate events of biological recognition on physical or chemical trans-

anomaterials ducers into electrical, thermal or optical signals. The high sensitivity and selectivity of biosensors associated with

easy, rapid and low-cost determination of analytes have made this discipline one of the most intensively studied
in the past decades.

This review centers on recent advances, challenges and trends of Alzheimer's disease biosensing particularly
in the effort to combine the unique properties of nanomaterials with biorecognition elements. In the last decade,
impressive progresses have been made towards the development of biosensors, mainly electrochemical and
optical, for detection of Alzheimer's disease biomarkers in the pico- and femto-molar range. Nonetheless, ad-
vances in multiplexed detection, robustness, stability and specificity are still necessary to ensure an accurate and
differentiated diagnosis of this disease.

1. Introduction neurodegenerative disease (NDD) that commonly manifests itself in the
form of dementia [1-3]. Its incidence increases with age and, like most
Alzheimer's disease (AD) is the most common human NDDs, AD is considered a multifactorial condition mainly characterized
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by the aggregation of a small number of proteins [1-3]. Approximately
40 million people, mostly older than 60 years, have dementia and this
number is expected to triple by 2050, being recognized by the World
Health Organization as a global public health priority [2,4-8]. There-
fore, it is of the utmost importance to develop analytical tools that can
contribute to the identification and determination of biomarkers for AD
in order to facilitate the diagnostic process and identification of patients
at earlier stages, as well as monitor biochemical effects of treatments.
Moreover, with the implementation of new and more efficient diag-
nostic techniques, it will be possible to provide patients a healthier and
more reliable life by slowing or preventing the disease progression in its
early stages [5].

The present review focuses on the advances made in the last decade
(2008-2018) on the development and application of biosensors for
detection of AD main biomarkers in artificial and real samples. In ad-
dition, it endeavors to explain how nanomaterials are used to improve
the biosensors performance highlighting their interaction with the
biorecognition elements focusing on several techniques used to pro-
mote their immobilization. Finally, it brings into focus future perspec-
tives on the biosensing of AD.

The available scientific literature, in the period between 2008 and
2018, was searched in the Thomson Reuters ISI Web of Knowledge,
Science Direct, PubMed and Google Scholar databases by combining at
least two of the following keywords: biosensor/electrochemical im-
munosensor/optical ~ biosensor/surface plasmon resonance and
Alzheimer's disease/Amyloid beta/Tau protein/Apolipoprotein E.

2. Alzheimer's disease

AD is the most common cause of dementia with severe impacts on
individuals and society [2,9-12]. Research, in recent decades, has
culminated in the evidence that the formation of extracellular amyloid
beta (APB) plaques and intracellular neurofibrillary tangles of hyper-
phosphorylated tau protein are the main causes for the development of
AD [2,6,9,13-15]. Moreover, these two processes are usually accom-
panied by neuroinflammation and oxidative stress, all of which con-
tribute to the loss of synaptic integrity and neural network connectivity
[2,6,9,14,16,17]. Amyloid plaques are extracellular accumulations of
abnormally folded AP peptides, AB40 (40 amino acids) and AB42 (42
amino acids), derived from proteolytic cleavage of the glycoprotein
amyloid precursor protein (APP) by B- and y-secretase activities, being
the variant with 42 amino acids more prone to aggregate
[2,6,12,14-16]. Research gives support to the fact that the primary
event in AD may result from an imbalance between the production and
clearance of Af in the brain, leading to the overexpression of A$42 and
consequent aggregation, from which all other stages of the disease
unfold [12,18]. Although the formation of amyloid plaques composed
of AP aggregates has been thought for decades to be the critical pa-
thological hallmark of AD, a lot of evidence has brought to light that A}
oligomers may be its most pathological form [12,19]. The fact that one-
third of the elderly die with evidence of A} accumulation without no-
ticeable symptoms proves that while remaining essential for AD diag-
nosis AP deposition on its own is not enough to cause dementia in AD
[8,12,20].

Neurofibrillary tangles made of intracellular aggregations of paired
helical filaments of abnormal phosphorylated tau protein, have also
been investigated as a biomarker [2,12,21-24]. Tau in AD undergoes
abnormal phosphorylation becoming unable to bind and stabilize mi-
crotubules, leading to protein misfolding and subsequent aggregation as
neuropil threads in dystrophic neurites and as neurofibrillary tangles
which, eventually, results in loss or decline of axonal or dendritic
transport [22-24]. Tau protein undergoes several modifications being
phosphorylation on multiples sites considered to be a major early event
in the formation of tau inclusions [25]. To get a comprehensive over-
view of these post-translational modifications, several modified sites
have to be assessed at a qualitative and quantitative level which can be
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extremely challenging due to the large number of modified sites and
existence of multiple types of modifications [25]. Current strategies
struggle to distinguish these post-translational modifications of tau
protein mainly associated with epitopes variability which affects the
affinity of the biological recognition elements that in turn disturbs the
rigorous quantification of tau protein [25].

The identification of mutations in gene coding for proteins involved
in AP deposition/clearance pathways, as the case of apolipoprotein E
(ApoE), constitutes another pathological hallmark of the disease. ApoE
is a 299 amino acid protein produced primarily by astrocytes and mi-
croglia with three common isoforms in humans (ApoE2, ApoE3 and
ApoE4) that only differ by 1 or 2 amino acids impacting the charge and
structural properties of the protein and, ultimately, their functional
properties [9,26-29]. Studies have revealed that deposition of Af into
plaques can be influenced by isoforms and amount of ApoE present in
the central nervous system, inevitably impacting the onset and pro-
gression of AD [27]. This way, ApoE4 increases the risk of developing
AD and it is also associated with earlier onset of the disease
[9,26,27,29]. On the other hand, ApoE2 reduces the risk of developing
AD by decreasing the deposition of Ap and delaying the onset time
[9,27,29].

Increasingly, AD is being classified as a multifactorial disorder that
arises from the interaction of multiple pathogenic factors, such as
amyloid precursor protein, AR, Tau protein, ApoE and other co-mor-
bidities.

Currently, the field of drug development concerning AD is directing
its efforts towards the development of disease-modifying drugs being
these treatments more likely to succeed when administrated in the early
stages of disease. Therefore, the development of diagnostic tools cap-
able of performing an early, accurate and differential diagnosis is of
vital importance [30]. However, several clinical and neuropathological
studies have classified the criteria for AD diagnosis to be suboptimal as
this process is mostly based on clinical assessment of symptoms, which
can lead to misdiagnosis or diagnosis made in advanced stages of the
pathology, which in turn can influence the course of several drug
candidates when tested in clinical trials [5,30]. Biomarkers such as A}
and tau protein can have a pivotal role in developing more accurate
diagnosis tools for AD and their use was recommended in recent re-
search diagnostic guidelines for AD by the National Institute on
Aging-Alzheimer's Association [30,31] and International Work Group 2
criteria [30,32]. To date, the only biomarker that has been approved by
the Food and Drug Administration was the evaluation of A through
positron emission tomography scans providing a visual aid to assess the
presence of A plaques [30]. On the other hand, this is an expensive
and specialized procedure with radioactive burden on the patient.
Therefore, cerebrospinal fluid (CSF) biomarkers appear as a viable al-
ternative as several studies have shown unequivocally that AD is as-
sociated with lower CSF levels of AB42 and higher CSF levels of total
tau (t-tau) and phosphorylated (p-tau) being able to distinguish patients
with AD versus controls, also in the early stages [8,33,34]. In addition,
the evaluation of the ratio AB42/Af40 has proven to increase diag-
nostic accuracy [35].

3. Alzheimer's disease biosensors
3.1. Generic overview

A biosensor is defined by the International Union of Pure and
Applied Chemistry as an integrated receptor-transducer device capable
of providing specific quantitative or semi-quantitative analytical in-
formation using a biological recognition element [36-39]. Biosensors
can be classified in terms of the bioreceptor, type of transducer used or
both [39]. The bioreceptor is the molecular species responsible for
detection and identification of the chemical or biological analyte in
order to perform a selective and accurate diagnosis thus becoming the
key component of a biosensor [40,41]. Based on the type of
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biorecognition element, biosensors can be classified as immunosensors
(antibody-antigen), nucleic acid, cell/tissue and enzymatic biosensors,
which can be further divided in two broad categories according to the
biorecognition principle [39,40,42,43]. Catalytic biosensors are typi-
cally characterized by the use of enzymes for the biological recognition
events while affinity biosensors, termed as a result of the high affinity of
biological events and species used for biorecognition, englobe the use of
antibodies and DNA [43]. In addition, biosensors can be further cate-
gorized as optical, thermal, piezoelectric and electrochemical, de-
pending on the type of signal [39,40,44,45]. Concluding, biosensors are
devices capable of converting biological activity into a measurable
electronic signal, which can be detected through several techniques
each having its own strengths and weaknesses. The relatively low cost,
rapid response and possibility of miniaturization of biosensors make
them useful in a variety of fields including healthcare, biological ana-
lysis, environmental monitoring and food quality control, among others
[38,46-48].

The electrode material and fabrication specifications are crucial
aspects of the development of a biosensor as they will directly impact
the device performance, particularly the manner in which the elec-
trodes surface is going to be modified and coated [43,46,49,50].
Screen-printed electrodes (SPEs) have been receiving a lot of attention
in recent years with applications in a wide range of fields due to their
operation simplicity, reliability, potential portability and small instru-
mental setups as they comprise the working, reference and auxiliary
electrodes in the same low-size platform [43,50-54]. In addition, the
disposable feature of SPEs make them reliable platforms for the direct
analysis of several samples of different origins preventing electrode
poisoning from recurrent use [52-54].

The stimulating breakthroughs observed in the past decades in the
development and synthesis of nanomaterials had a tremendous impact
in the growth of biosensing technology as nanomaterials with different
sizes, shapes and unique physical and chemical properties have been
showing a crucial role in designing highly sensitive and selective bio-
sensors [47,51,55-61]. As a result of their quantum-size effects, na-
nostructured materials have been applied in very different ways as they
can improve the conductivity or catalytic activity of a transducer while
their high surface-to-volume ratio and large surface areas make them
excellent matrices for the immobilization of biorecognition elements
improving the overall performance and sensitivity of a biosensor
[51,55-62].

One of the key parameters to ensure long-term operational stability
of a biosensor is the appropriate immobilization of biomolecules on the
surface of nanomaterials, i.e. an immobilization that retains the full
biological activity of the biorecognition element while providing an
effective electronic connection between the redox-active sites in the
biomolecule and the electrode surface [39,43,48,56,63-69]. Thus, in-
tense research has been focused on the selection of the best techniques
to promote immobilization of biomolecules with proper orientation
[59,65-67,69]. Immobilization of biological components on the surface
of transducers can involve varying levels of difficulty from simple and
nonspecific methods, which often results in randomly oriented proteins,
to highly structured bioconjugates with oriented immobilization, higher
stability and reproducibility [66]. The simplest methods that have been
used are based on physical immobilization, which can be promoted
mainly via electrostatic force, ionic bonds and hydrophobic interactions
[59,65-67]. In addition, entrapment in (bio)polymer matrices has also
been used to promote better attachment of biomolecules [66,67].
Nonetheless, physical immobilization often results in random orienta-
tion and weak attachment and even in the cases of entrapment, limited
recognition efficiency is still a problem due to burying of recognition
sites [67]. A more robust, stable and reproducible way to immobilize
bioreceptors, that results in higher sensitivity, is through covalent
bonding involving the coupling of reactive chemical groups present on
the protein and on the transducer surface [65-67]. Covalent links can
be formed by amine, carboxyl and thiol coupling reactions, cross-
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linking reagents, such as glutaraldehyde, thiol derivatives and poly-
mers, or click chemistry [59,65-67]. Despite its crucial role in protein
immobilization, covalent bonding has still one major drawback related
with uncontrolled anchoring of biomolecules, which inevitably affects
the domain responsible for the recognition event [67]. This way,
techniques that promote site specific immobilization have also been
explored. Non-covalent approaches for site-specific immobilization are
based on bioaffinity interactions. The most widely applied is the biotin-
strept(avidin) interaction where biotinylated biomolecules can be at-
tached to substrates via avidin (or streptavidin) bridges [59,67]. An-
other commonly used affinity based immobilization tag is through
binding of biorecognition elements to protein G or A. Site-specific im-
mobilization can also be achieved via covalent bonding through the
introduction of unique chemical groups or sequences, such as azides or
alkynes, at a specific location that will covalently bind the protein to
the complementary functionalized surface, without affecting the
binding domain [59,67,69]. In addition, there is still the possibility of
protein engineering, as for example through cleavage of the antibody at
the hinge region in order to take advantage of their native thiol groups
for immobilization on gold surfaces [64,67,68].

3.2. Applications of Alzheimer's disease biosensors

Over the last decade, AD has been the most intensively studied
neurodegenerative disease with regard to biomarkers detection, in
blood and CSF, of mainly AR [70-93], tau protein [94-104], ApoE
[105-111] and multiple detection of these same biomarkers [112-121].
While the roles of AR and Tau protein in AD are well described in lit-
erature [2,8,9], ApoE, and particularly the isoform ApoE4, has been
receiving a lot of attention as a major genetic risk for AD as it can
predict accumulation of Ap in the brain [2,9,27,28]. Configuration,
analytical performance and application of the biosensors developed in
the last decade for AD biomarkers are displayed in Tables 1-4. Table 1
characterizes the biosensors for AR biomarker and related variants
[70-93]; Table 2 focuses on the biosensors for tau protein determina-
tion [94-104]; Table 3 exhibits the biosensors for ApoE detection
[105-111] and Table 4 shows the biosensors capable of performing
multiple determination of the aforementioned biomarkers [112-121].

Electrochemical immunosensors are the most reported for de-
termination of the selected biomarkers as they combine the high sen-
sitivity displayed by electroanalytical methods with the inherent spe-
cificity associated with biological recognition events, in this case the
high affinity achieved through antibody-antigen interactions. In addi-
tion, the operational simplicity, low-cost of instrumentation, inherent
miniaturization and potential of automation related to electrochemical
immunosensors make them excellent instruments for determination of
trace amounts of biological agents. The most common transducers used
throughout the reviewed studies (Tables 1-4) were glassy carbon
(GCE) [73,79,106,114] (Tables 1, 3 and 4), gold (AuE)
[78,90-93,95-98,112,113] (Tables 1, 2 and 4), indium tin oxide (ITO)
[87,108-111] (Tables 1 and 3) and carbon screen-printed electrodes
(SPCE) [74-76,99,105,120] (Tables 1-4). Nevertheless, other materials
such as anodic aluminum oxide membrane (AAO) [77] (Table 1), si-
licon wafer [80,81,83] (Table 1) and gold screen-printed electrodes
(SPGE) [88] (Table 1) were also used.

In recent decades nanomaterials have become an integral part of
almost every biosensor development. This way, the transducers used in
the reviewed studies were commonly modified with various nanoma-
terials such as gold (AuNPs) [74-79,82-84,87,98,110-112,
114,119,120] (Tables 1-4), silver (AgNPs) [118] (Table 4) and silica
nanoparticles [100] (Table 2), magnetic beads/spheres [105,107,120]
(Tables 3 and 4), polymers [71,72,81,87,88,91,117,119] (Tables 1 and
4) and carbon nanomaterials such as graphene oxide (GO)
[99,106,109] (Tables 2 and 3) and carbon nanotubes (CNTs)
[70,73,103,114] (Tables 1, 2 and 4) but other nanomaterials, such as
dendrimers [99] (Table 2) and quantum dots (QDs) [107,109] (Table 3)
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Table 3

Configuration, analytical performance and application of the developed biosensors for ApoE determination.

References

LOD (nM)

Detection Range (nM)

Sample

Detection Method

Transducer

Biomarker

[105]

2.9-29.4"

Buffer and Human

plasma
Buffer

Sandwich immunoassay through iridium oxide nanoparticles with

secondary antibodies - Chronoamperometry

SPCE modified with magnetic beads functionalized with

antibodies

ApoE

[106]

1x10°°

1x107°5-10

GCE modified with graphene-mesoporous silica hybrids coupled DPV ratiometric signal detecting target DNA

with methylene blue, ferrocenecarboxilic and DNA probe

ApoE DNA

[107]

0.37%

0.29-5.9"

Buffer and Diluted
human plasma

Sandwich immunoassay with biotinylated antibodies and

Graphite ink (microfluidic platform) modified with magnetic

beads functionalized with antibodies

ApoE

streptavidin/QD conjugate - Square Wave Anodic Stripping

Voltammetry

[108]

8.8 x 1073

0.029-290"

Buffer

Sandwich immunoassay with HRP-labeled antibodies -

Chronoamperometry

ITO electrode modified with polyelectrolytes, electrodeposited

fractal gold nanostructures and antibodies

ApoE4

DPV) 20-400" DPV) 2.18" [109]

Buffer and Human
blood plasma

ITO modified with graphene-QD conjugates, electropolymerized DPV and Fluorescence detection

curcumin and DNA probe

ApoE4 DNA

Fluorescence
detection)

12.4°

Fluorescence detection)

45-400°

[110]

LSPR) 512
EIS) 286

Buffer

LSPR and EIS

ITO modified with AuNPs and oligonucleotides

ApoE DNA

1.2 x 1075 [111]

2.9 x 1075 - 0.290*

Buffer and Serum

Sandwich assay using Au-TiO,, GOx, and anti-ApoE — Colorimetric

detection using glucose

ITO modified with APTMS, glutaraldehyde, ionic liquid

(BMIMBEF,)-chitosan, AuNPs and antibodies

ApoE

APTMS, 3-aminopropyltrimethoxysilane; AuNPs, Gold nanoparticles; BMIMBF,, 1-butyl-3-methyl-imidazolium tetrafluoroborate; DNA, Deoxyribonucleic acid; DPV, Differential pulse voltammetry; EIS, Electrochemical

impedance spectroscopy; GCE, Glassy carbon electrode; GOx, Glucose oxidase; HRP, Horseradish peroxidase; ITO, Indium tin oxide; LSPR, Localized surface plasmon resonance; QD, Quantum dots; SPCE, Screen-printed

carbon electrode; SPR, Surface plasmon resonance.

@ Value was expressed in pug mL~'/ng mL~'/pg mL~! and converted to nM.

> The results were not possible to be converted to molar units thus being displayed in pg mL™ 1.

Talanta 211 (2020) 120700

3.2.1. AP and related variants

A lot of studies focus their efforts in Ap detection (Table 1) as this
peptide is considered to be the main pathological feature of AD. AB42 is
the sequence more prone to aggregate thus being the peptide with more
expression in the amyloid plaques making it a very interesting and
important biomarker to study AD onset and progression. From Table 1,
it is possible to conclude that a large number of the developed bio-
sensors were able to successfully quantify AB42 below the cut-off value
of 110-155 pM (500-700 pg mL™ 1Y) in CSF [35,81], but colorimetric
[82] and fluorescent [80] detection systems were not able to attain
limits of detection (LODs) as low as the other systems. In addition, it is
important to point out that five works were able to attain extremely low
LODs achieving values lower than dozens of fM (Table 1)
[71,77,79,83,91]. Three of these studies [71,77,91] determined trace
level concentrations of AB42 through analysis of impedance variation.

Yoo et al. [71] developed a biosensor based on a microfluidic
platform with interdigitated microelectrodes that comprised an ion
concentration polarization preconcentration element that increased the
local concentration of analytes and consequently improved the de-
termination of A342. The monoclonal antibodies were immobilized on
the polyvinyl pyrrolidone-aldehyde and glutaraldehyde modified sur-
face via interaction with aldehyde groups. Through changes in the
impedance signal, this group was able to measure concentration levels
as low as 2.2 x 1072 - 221 pM achieving a LOD of 8.15 fM in buffer.
Despite achieving very interesting detection levels for AD diagnosis, the
performance of this biosensor in terms of stability and specificity was
not evaluated. Wu et al. [77] attained a LOD of 2.2 fM for AB42 de-
termination via EIS using a nanostructured label-free biosensing plat-
form based on an AAO substrate modified with uniformly deposited
AuNPs and 11-mercaptoundecanoic acid self-assembled monolayer
(SAM) that was further functionalized with antibodies via EDC/NHS
interaction [77]. The high surface-to-volume ratio of the AuNPs en-
abled the immobilization of more antibodies onto the electrode. For
detection of AP42, this team [77] used a 30 pL sample volume with a
detection period of 30 min attaining a linear detection range between
0.22 and 2200 pM in buffer. Despite achieving an extremely low LOD,
the stability of the biosensor over time as well as its performance in real
samples were not reported. Another very sensitive electrochemical
biosensor for AP oligomers determination was designed by Qin et al.
[91]. In this work, the developed biosensor was based on a AuE mod-
ified with an electrically conductive polypyrrole containing carboxyl
groups for linking of the biorecognition agent, an amine modified PrP®
while also promoting the electron transfer for the electrochemical
analysis. Applying the developed biosensor for AP oligomers detection,
a 0.1 fM LOD was reached through EIS, while differentiating AP oli-
gomers from monomers and fibrils, in addition to providing reliable
performance in brain samples of AD infected mice [91]. Moreover, the
developed electrochemical immunosensor presented no significant
changes in signal after one month storage at 4 °C. In a different elec-
trochemical approach, Zhao et al. [79] developed a dual quenching
electrochemiluminescence (ECL) immunosensor which was based on a
Ru(bpy)s®>* chromophore coupled with zinc oxalate metal-organic
frameworks (MOFs) and a second MOFs with a nanocube structure
composed of AuNPs-NiFe that acted as the dual quencher for sensitive
detection of AB42. In this work, the Ru(bpy)s>* cations were entrapped
in a zinc oxalate MOFs with a 3D cage structure with the goal of in-
creasing the energy transfer between Ru(bpy)s>* units while shielding
the electronic structure of the chromophore which led to high-energy
Ru emission efficiency [79]. This way, for the immunosensor develop-
ment Ru(bpy)s>* /zinc oxalate MOFs were conjugated with antibodies
via EDC/NHS interaction being the bioconjugate further immobilized
on the surface of a GCE. After the AB42 biorecognition process another
bioconjugate composed of AuNPs-NiFe MOFs was added to the mod-
ified transducer to complete the sandwich immunoassay. The AuNPs-
NiFe acted as the dual quencher as the UV-Vis absorption spectra of this
composite overlapped with the ECL emission spectra of the Ru
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(bpy)s>* /zinc oxalate MOFs which would trigger the resonance energy
transfer behavior achieving a dual quenching effect of the encapsulated
Ru(bpy)s®* and significantly increasing the sensitivity of the im-
munosensor [79]. With the developed strategy, AB42 was detected in
the 0.022-1110 pM range while achieving a 3.0 fM LOD in buffer in
addition to successfully analyzing the immunosensor in artificial CSF.
Nonetheless, the stability of the immunosensor over time should be
further tested. At last, Kang et al. [83] developed a vertically configured
electrical detection system based on a different technique, namely STM,
to evaluate a sandwich immunoassay for AB42 determination [83]. A
biosurface was fabricated containing monoclonal antibody fragments,
target protein and AuNPs-antibody conjugates for ultra-sensitive de-
tection of AB42. The electrical tunneling current between the STM tip
and the formed immunocomplexes exhibited a peak-like pulse, the
frequency of which depended on the density of the bound complexes on
the surface which enable the detection of levels as low as 2.2 fM in
buffer. Nevertheless, this highly sensitive biosensor needs further op-
timizations related with stability and specificity in order to assess its
viability for clinical application [83].

Biosensors based on optical determination, particularly LSPR [84]
and SPR [85], have also been applied to detect and measure AB42 levels
in biological fluids. Using LSPR, Kang et al. [84] performed A[42
quantification under physiological conditions. The developed system
was a label-free biosensor based on AuNPs and ApoE4-mediated AP
aggregation, where AuNPs acted as a catalytic activator and optical
reporter while ApoE4 acted as a chaperon to monitor AB42 aggregation

A
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(Fig. 1), attaining a LOD of 1.5 pM [84]. Moreover, this work also de-
monstrated that ApoE4 induces AB42 aggregation more specifically and
rapidly than that of AB40. In another work for AB42 quantification via
SPR, Lee et al. [85] developed a biosensor based on a waveguide-cou-
pled bimetallic chip (WcBiM) modified with antibodies via EDC/NHS
covalent binding (Fig. 2). The line width of the reflectance for the
WcBiM chip was narrower than the line width of the conventional Au
chip resulting in a steeper gradient to maximize the resolution in the
intensity detection mode. Application of this biosensor led to AB42
determination in the 22.2-443.1 pM range, although presenting lim-
itations for detecting trace levels concentrations. In addition, both these
studies did not evaluate the biosensors performance after exposure to
real samples despite the first study conducting the entire work in mi-
micked CSF.

In recent studies, with the goal of overcoming some limitations re-
lated with the use of antibodies towards detection of biomarkers par-
ticularly in complex samples such as CSF and blood, biosensors were
developed based on electrochemical determination towards A detec-
tion without biological recognition elements. This way, Zhu et al. [132]
developed an antibody-mimetic self-assembling peptoid nanosheet
containing surface exposed Af42 recognizing loops which enabled a
sensitive and label-free detection of AD in serum. In a different work,
Qin et al. [133] prepared a ferrocene-encapsulated Zn zeolitic imida-
zole framework (ZIF-8) by self-assembly of Zn ions and 2-methylimi-
dazole for detection of A oligomers. Ferrocene, an optically and
electrochemical active signal, was successfully encapsulated inside of
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Fig. 1. (A) Schematic of the overall process describing the system setup by LSPR. (B) Experimental process for binding affinity [84]. Reprinted from Biosensors and
Bioelectronics, 72, Min Kyung Kang, Jeewon Lee, Anh H. Nguyen, Sang Jun Sim, Label-free detection of ApoE4-mediated B-amyloid aggregation on single nano-
particle uncovering Alzheimer's disease, 197-204, Copyright (2015), with permission from Elsevier.
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Fig. 2. Schematic diagram of the SPR sensor system and the Waveguide-coupled bimetallic chip configuration [85]. Reprinted from Y.K. Lee, K.-S. Lee, W.M. Kim, Y.-
S. Sohn, (2014) Detection of Amyloid-342 Using a Waveguide-Coupled Bimetallic Surface Plasmon Resonance Sensor Chip in the Intensity Measurement Mode. PLoS

ONE 9(6): €98992. Copyright (2014), with permission from Plos.

the ZIF-8 and released by the competitive coordination between Zn ions
and AP oligomers [133].

3.2.2. Tau protein

Electrochemical biosensors have also been the most applied for
determination of tau protein [94-99] (Table 2). On the other hand, five
works displayed in Table 2 were based on different techniques namely,
LSPR [100], SPR [101-103] and QCM [104]. Clinical application of tau
protein can be very challenging as its cut-off value in CSF is 4.3 pM
[96,100,134]; of the reported eleven studies, five biosensors (two
electrochemical [96,98] and three optical [100-102]) fulfilled this re-
quirement.

Applying EIS for determination of full-length 2N4R tau protein,
Wang et al. [96] were able to measure values in the fM range exhibiting
better performance when compared to enzyme-linked immunosorbent
assays (ELISA) by achieving a 30 fM LOD with a detection period of
25 min. The developed biosensor was based on four gold microband
electrodes modified with a layer of 3,3’-dithiobis(sulfosuccinimidyl
propionate) and protein G for immobilization of antibodies with proper
orientation [96]. In another electrochemical approach for tau protein-
381 detection in human serum, Shui et al. [98] developed a sandwich
assay based on the interaction between tau protein and respective an-
tibodies and aptamers, performing detection in the 0.5-100 pM range
and attaining a LOD of 0.42 pM with a 45 min incubation period at
room temperature. Antibodies were immobilized on a mercaptopro-
pionic acid SAM modified gold electrode while the aptamers where
conjugated with gold nanoparticles to complete the sandwich assay.
AuNPs played a dual role of enhancing the electrochemical behavior of
the biosensor, for a more sensitive determination of tau protein, while
offering a suitable matrix for the immobilization of aptamers. Both
these biosensors were successfully tested in human serum spiked with
tau protein but to confirm their applicability to clinical analysis, their
performance over time should be evaluated.

Three biosensors based on LSPR and SPR exhibited detection limits
lower than tau protein physiological level [100-102]. A method cen-
tered on the conjugation of affinity-based biosensing and LSPR multi-
spot nanoparticle chip was employed for the detection of tau protein at
room temperature [100]. In this work, Vestergaard et al. [100] mod-
ified a glass chip with a chromium and gold layer that was further
functionalized with a 4,4-dithiodibutyric acid SAM, amino-surface
modified silica nanoparticles, another gold layer to cap the nano-
particles and finally protein G to promote the antibodies
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immobilization with proper orientation. With this method, the authors
were able to attain a 0.17 pM LOD in buffer. Despite achieving a low
detection limit, this work involved longer incubation periods and the
biosensor performance was not evaluated in real samples. In a more
recent study, Thi Vu Nu et al. [101] presented an immunoassay for the
detection of both total tau and phosphorylated tau protein based on a
gold coated fiber core functionalized with an 11-mercaptoundecanoic
acid SAM, where the carboxylic groups were activated via EDC/NHS
interaction to promote immobilization of the respective antibodies.
Using SPR, detection limits of 0.53 fM for total tau and 1.3 pM for
phosphorylated tau were achieved in addition to determining its levels
in human blood. Moreover, this study concluded that the concentration
of total tau protein in AD groups was six times higher than that of
controls while phosphorylated tau was three times higher [101]. This
difference of concentration between the two types of tau protein was
attributed to the fact that unphosphorylated tau is more likely to be
produced in blood than the phosphorylated protein [101]. In another
work based on a multichannel SPR platform, Kim et al. [102] in-
troduced a DNA aptamer/antibody pairing sandwich assay specific for
tau-381 and applied it for detection of human Tau in undiluted human
plasma quantifying levels within the range 2-80 pM and attaining a
detection limit of femtomolar concentration. The DNA aptamer was
immobilized on a gold chip modified with a mixed monolayer of 11-
mercaptoundecanoic acid and 11-mercaptoundecanol through EDC/
NHSS covalent linking. After tau protein specific adsorption, antibodies
were flowed through the modified gold chip surface leading to the
formation of a sandwich immunocomplex which increased the SPR
detection signal. Both these studies [101,102] did not address the
period of stability of the developed biosensors, which is a crucial
parameter to ensure that a biosensor can perform with ca. the same
efficiency over time.

3.2.3. ApoE

ApoE is another target biomarker for which mostly electrochemical
biosensors have been developed; only one work was based on a dif-
ferent technique (colorimetric detection) (Table 3). Three of the elec-
trochemical biosensors determined ApoE through evaluation of DNA
hybridization at a specific point mutation in the ApoE gene
[106,109,110] and two of these works used two techniques to study this
event. Mars et al. [109] used DPV and fluorescent detection while
Cheng et al. [110] performed its evaluation through EIS and LSPR. In
both cases, the biosensors performance was better when evaluated
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Fig. 3. Schematic representation for the detec-
tion of AB(1-42) and total AB using p-amino
phenol redox cycling by chemical reductants
[113]. Reprinted from Biosensors and Bioelec-
tronics, 51, M L. Liu, Q. He, F. Zhao, N. Xia, H.
Liu, S. Li, R. Liu, H. Zhang, Competitive elec-
trochemical immunoassay for detection of f-
amyloid (1-42) and total B-amyloid peptides
using p-aminophenol redox cycling, 208-212,
Copyright (2014), with permission from Else-
vier.
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through electrochemical techniques demonstrating once again their
high sensitivity. Beyond DPV and EIS, other electrochemical techniques
have been efficient for determination of biomarkers such as square
wave anodic stripping voltammetry, which was applied by Medina-
Sanchez et al. [107] for ApoE detection. The developed biosensor
consisted on a microfluidic system with integrated SPEs where the
immunocomplex was performed using magnetic beads for a pre-
concentration step and QDs as labeling carriers [107]. QDs are semi-
conductor nanoparticles which have been gaining increasing relevance
in the biosensing field, mainly applied with a labelling function, due to
their optical properties and stability in addition to presenting inter-
esting electrochemical properties [57,66,107]. Therefore, magnetic
beads were coupled with antibodies and immobilized on the electrode
surface by using a neodymium magnet placed underneath the substrate.
Then, biotinylated ApoE was flushed through the magnetic beads fol-
lowed by QDs conjugated with streptavidin to complete the magneto
immunocomplex. Applying an incubation period of 10 min, this system
attained a LOD of 0.37 nM with a linear range from 0.29 to 5.9 nM
through measurement of the QDs signal, while also demonstrating high
accuracy in diluted human plasma [107]. Stability assays should be
further carried out as this is a crucial parameter.

The only work that did not perform ApoE determination through
electrochemical techniques was reported by Ren et al. [111] that pre-
sented a colorimetric immunosensor with one of the lowest LODs
(12 fM) being its performance evaluated in buffer and human serum
(Table 3). The biosensor was based on a sandwich assay and was de-
veloped in a layer-by-layer approach [111]. Firstly, the ITO surface was
modified with a 3-aminopropyltrimethoxysilane and glutaraldehyde
conjugate, which exhibited a brick-red color that faded when oxidized
by H»0,. Then, a second conjugate composed of an ionic liquid
(BMIMBF,) and chitosan was incubated in the surface to stabilize the
first layer. Lastly, to promote the immobilization of the antibodies
through amine binding, AuNPs were added to the modified ITO surface.
To complete the sandwich assay, a nanocomposite of AuNPs/TiO,
modified with antibodies and glucose oxidase was used to perform the
biomarker quantification [111]. As a final step, glucose was dropped on
the immunosensor surface being catalyzed by the glucose oxidase to
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produce H,0, promoting the respective color fading that was further
evaluated through an image processing software by performing quan-
tification of its mean gray value. Despite displaying good analytical
behavior, further assays related to reproducibility and stability para-
meters need to be carried out.

3.2.4. Multiplexed detection

As already referred, AD is affected by multifactorial pathways that
lead to changes at biomolecular levels as the disease progresses [2,8,9].
Thus, an accurate diagnosis of AD should arise from the evaluation of a
combination of core biomarkers such as the quantification of AB42 and
AB40 and respective assessment of their concentration ratio [8], in
conjunction with determination of tau protein or ApoE or even both
[8]. In this context, seven works (Table 4) reported the development of
biosensors for the determination of AB40 and AP42; as for the in-
dividual biomarker analysis, electrochemical detection [112-116] was
preferred over other strategies [117,118]. All of the seven works de-
scribed in Table 4 for AB40/APB42, with exception for one [115], were
able to attain LODs in the pM range; in addition, five works also eval-
uated the performance of the developed biosensors in real samples
[114-118]. From the seven biosensors, three performed determination
of AB40/AB42 through a competitive assay [112,113,116], two via a
sandwich assay [114,117] and two accomplished direct determination
of the analytes [115,118].

A competitive immunoassay using p-aminophenol (p-AP) redox cy-
cling was described by Liu et al. [113] for detection of both AB42 and
total AP. Specifically, the interaction between biotinylated A peptides
already captured by the antibodies immobilized on the mercaptopro-
pionic acid modified gold electrodes and the conjugate streptavidin-
modified alkaline phosphatase (SA-ALP) induced the production of
electrochemically active p-AP from the p-aminophenyl phosphate (p-
APP) substrate (Fig. 3) [113]. The proposed electrochemical im-
munosensor was able to detect levels of 5 pM for both A342 and total
Ap. Moreover, the authors [113] concluded that artificial cerebrospinal
fluid (aCSF) had no interference in the analysis. Yu et al. [114] by
means of a sandwich-type biosensor array was able to simultaneously
quantify AB40/AB42, developing a transducer platform based on a GCE
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modified with MWCNTs, AuNPs and using gelsolin as the biorecogni-
tion element, which is a secretory protein with high specificity towards
AP monomers. MWCNTs and AuNPs due to their excellent conductivity
and electrochemical properties enhanced the electrochemical behavior
of the biosensor by increasing the charging currents in addition to
providing an appropriate environment for the immobilization of gel-
solin. AuNPs were also used for signal amplification by coupling them
with gelsolin and horse-radish peroxidase (HPR) to complete the
sandwich immunoassay. Electrochemical signal was amplified via en-
ormous loading of HRP on the AuNPs which could catalyze the sub-
strate 3,3’,5,5’-tetramethylbenzidine in the presence of H,O, to produce
measurable redox currents [114]. Using the proposed biosensor, the
research team [114] was able to attain a 28 pM LOD in spiked buffer in
addition to successfully determine AB40/Af42 in CSF and in three
different brain tissues of rats, observing a clear decline in the con-
centrations of soluble AB40/AB42 of AD rats as a result of AR ag-
gregation. Despite exhibiting sensitive and specific determination of
AP40/AB42, the proposed biosensor requires long incubation periods
while displaying only two weeks stability when stored at 4 °C. In a
different approach, Liu et al. [116] developed a hierarchical im-
munoelectrochemical interface based on a microelectrode nanos-
tructured with conductive silk fibroin (SF)-based immunoparticles via
an one-step electrophoresis/electropolymerization. Antibody conjuga-
tion was promoted through the interactions with the hydrophilic N-
terminal sites on the surface. This nanostructured conductive interface
favored penetration of water-soluble biomolecules and catalyzed a
redox reaction of Met(35) providing detection limits of 0.88 pM and
1.53 pM for AB42 and AB40, respectively. Moreover, the developed
biosensor was successfully tested in real serum samples while only
displaying two weeks stability when stored at 4 °C [116].

Low levels of AB40/AB42 were also detected by Xia et al. [117] via
SPR. This work had the advantage of simultaneously, but separately,
quantifying both peptides from CSF of AD patients by pre-immobilizing
the respective antibodies onto two separate fluidic channels mini-
mizing, this way, the non-specific determination (Fig. 4). Signal am-
plification was achieved by the formation of a conjugate between
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streptavidin and an antibody selective to the common N-terminus of A3
peptides that were previously captured, leading to the measurement of
concentrations as low as 20 pM. Furthermore, this study [117] revealed
that the ratio between the concentrations of A340 and Ap42 in CSF
samples from AD patients is almost twice as high as that from healthy
persons. Comparing to more traditional methods such as ELISA, this
method offered significant advantages by presenting faster analysis
time, obviation of an enzyme-linked antibody for signal detection and
regeneration of the biosensor surface for replicate measurements [117].

Despite exhibiting excellent performance through detection of low
levels of Af3, some of the works displayed [112-114] in Table 4 present
the common disadvantage of lack of specificity of the biological re-
cognition elements. Half of the designed biosensors for both AB40 and
AP42 detection used antibodies capable of recognizing a broad range of
amyloid beta peptides. Thus, the development of biorecognition ele-
ments capable of distinguishing different variants of a protein is a topic
that requires more focus as it will contribute to better and more accu-
rate diagnostic procedures.

For quantification of the AD core biomarkers, Kim et al. [119] using
LSPR presented a highly selective shape-code biosensor based on a
single platform modified with AuNPs of different shapes. These AuNPs
were previously modified with polyethylene glycol (PEG) that through
EDC/NHS interaction promoted stable antibody immobilization. AuNPs
of different shapes and sizes, such as spheres (diameter of 50 nm), short
rods (aspect ratio of 1.6) and long rods (aspect ratio of 3.6), exhibit
different optical behaviors which could be identified and differentiated
through LSPR as if a bar-code was being scanned. Applying a 1 h in-
cubation period and under physiological conditions, this research team
[119] reported a detection limit of 34.9 fM for ABR40, 26 fM for AB42
and 23.6 fM for tau protein. A different conjugation of AD biomarkers
was determined by de la Escosura-Muiiiz et al. [120] that developed a
biosensor based on a magnetosandwich-immunoassay for A} and ApoE
determination in CSF, plasma and serum. In this work, porous magnetic
microspheres were used for the antibody immobilization, which due to
their inherent characteristics, allowed for a more efficient capture of
the analyte while also providing a high active area for enhanced
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Fig. 4. Schematic diagram showing the simultaneous SPR detection of AB40 and AB42 [117]. Reprinted with permission from N. Xia, L. Liu, M.G. Harrington, J.
Wang, F. Zhou, Analytical Chemistry, 82 (2010) 10151-10157. Copyright (2010) American Chemical Society.
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catalytic activity of the conjugate detection-antibody/AuNPs [120]. AD
biomarkers were added to the microspheres modified with the capture
antibodies, being the detection performed through the conjugate de-
tection antibody/AuNPs. The magnetic conjugate suspension was
placed on the surface of a SPCE and analyzed through chron-
oamperometry presenting a LOD of 4.2 pM for AB and 2.4 pM for ApoE.
The detection process involved two immunoreaction stages that were
carried out for 20 min at 25 °C each.

The possibility of performing detection of multiple biomarkers in a
single platform brings the proposed biosensors closer to real clinical
diagnosis being the focus of recent studies [135]. Moreover, despite
centering primarily on the main biomarkers of AD such as AR42, AB40
and t-tau and p-tau, other studies have also performed detection of
multiple analytes that extend beyond this main core of biomarkers such
as AP and phosphorylated AR [136], tau protein and alpha-1-anti-
trypsin [137,138], AP, glutamate and acetylcholine [121].

4. Conclusion

The ageing of the World's population is poised to become one of the
biggest social challenges of the 21st century. Specifically, this event
may promote the increase in AD prevalence, which will impose a high
financial burden on societies, as this condition extends itself through
years with high costs associated to treatment and caring for elderly.
Currently, there are no simple and reliable diagnostic tests for AD. It
remains essentially a clinical diagnosis, subject to variations in patient
presentation and physician assessment, which can lead to errors as
several dementias and movement disorders often feature clinical simi-
larities making their differential diagnosis (especially in the early
stages) extremely challenging. Therefore, with the emergence of spe-
cific therapeutic interventions, there is an ever-increasing demand for
the development of simple and accurate diagnostic tools, such as bio-
sensors, to assist the medical community to establish the best course of
action for each specific case.

Reviewing the works developed throughout the last decade con-
cerning the detection of AD biomarkers in human fluids, it was possible
to identify some topics that should be further developed. Firstly, most of
the reported biosensors are only able to determine one single bio-
marker. As AD is considered to be a multifactorial disorder resulting
from a combination of multiple pathological pathways, there is an ur-
gent need to adapt current biosensing technology into single platforms
capable of performing multiplexed determination. This feature will
simplify the detection process while speeding it, lowering its costs and
improving the quality of the diagnostic procedures. In addition, the
simultaneous detection of these biomarkers will ensure that a specific
condition is accurately detected and differentiated from the others thus,
minimizing the risk of misdiagnosis. Another common feature in the
reported biosensors is the lack of specificity of the biological recogni-
tion elements. Part of the designed biosensors for both A340 and A342
detection used antibodies capable of recognizing a broad range of
amyloid beta peptides. Therefore, the development of biorecognition
elements capable of distinguish different variants of a protein is a topic
that requires more attention as it will contribute to better and more
accurate diagnostic procedures. Another issue that needs to be over-
come, as it can compromise the robustness and analytical performance
of biosensors, is the biofouling of their surface that frequently occurs
when complex matrices are used. Biofouling describes the chronic
formation of a biofilm on the biosensor surface through protein ad-
sorption, causing the impairment of the device function particularly in
its capability of conducting long-term measurements.

An additional element associated with the development of bio-
sensors resonates with the relevance achieved by nanomaterials which,
due to their inherent characteristics, have become an intricate part of
each biosensor system. Nanostructured materials have highly specific
physical and chemical properties due to quantum-size effects and large
surface areas, which provide them unique and different properties
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compared to bulk materials. A diversity of nanomaterials can be pro-
duced by several synthetic methodologies with well-controlled physi-
cochemical properties as surface charge, shape and size. The applica-
tion of these nanomaterials in bioanalytical devices will continue to
improve their sensitivity and detection limits down to pico- and even
femto-molar levels.

The biosensing technology is diligently developing towards the
production of point-of-care technology capable of performing accurate
and sensitive determination of key AD biomarkers in biological fluids.
Future studies should be focused on the development of technology
capable of bridging the gap between studies and clinical application
through the development of single platforms capable of performing
multiplexed analysis with excellent sensitivity, specificity and stability,
while achieving all these characteristics through the use of lower
sample volumes and with shorter detection periods, which will hope-
fully culminate in the commercialization and clinical application of
these biosensors.
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