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ARTICLE INFO ABSTRACT

Keywords: Although size and charge effects in nanochannels have been previously approached for electrochemical immu-

Nanochannels nosensing, as far as we know, thorough studies on the effect of both the antibody and the antibody/antigen

ganOpores immunocomplex charges at different pHs have not been deeply reported. In this context, we present here an
10Sensor

unprecedented study of such parameters, applied also for the first time for the detection of an Alzheimer’s disease
(AD) biomarker. AD detection is currently based in time consuming and expensive techniques, so that the
development of alternative analytical strategies for facilitating its diagnosis is still a need. To reach that purpose,
we propose here the development of a nanochannel-based system for the electrochemical monitoring of Tau
protein, an important AD biomarker. Tau protein is selectively captured by specific antibodies immobilized in the
inner walls of the nanochannels of nanoporous alumina membranes. The captured Tau protein blocks the
nanochannel and difficulties the passage of red-ox indicator ions, which is voltammetrically monitored using an
indium tin oxide/poly(ethylene terephthalate) (ITO/PET) electrode as transducer. The charges of both the
antibody and the Tau antigen at different pHs and their effect on the diffusion of the red-ox indicator ions to the
electrode are carefully evaluated to maximize the electrostatic blocking of the nanochannels upon the immu-
nocomplex formation. The developed biosensing system allows the determination of Tau protein with a detection
limit of 4.3 ng/mL, which is within the range of clinical interest, showing also excellent recovery percentages in
human plasma samples.

Tau protein
Alzheimer’s disease

1. Introduction

Neurodegenerative diseases are multifactorial pathologies that act
on the central and peripheral nervous system [1]. The incidence of these
pathologies increases among age, so that the rise in life expectancy is
expected to worsen their burden [2]. From all of them, Alzheimer’s
disease (AD) is the most common, affecting 30% of people older than 85
years, a value that is increasing in a 6-8% yearly [3,4]. AD neuro-
degeneration manifests at initial stages with episodes of memory loss
and evolves to deterioration in cognition, temporal space disorientation
and the incapacity to carry out quotidian activities [5,6].

The incapacitating condition of this pathology has also a relevant
impact both socially and economically, with a burden of €232 billion in

2015 [7].

For that reason, a rapid detection is a major concern and, in this
process, AD biomarkers, between which Tau protein is included, have
been identified as a research priority [8].

Tau protein plays a pivotal role in the development of several
neurodegenerative diseases, known as tauopathies [9]. AD, fronto-
temporal lobar dementia (FTD) [10] or corticobasal degeneration (CBD)
are some of them. In the case of AD, Tau is related with the formation of
neurofibrillary tangles (NFTs) [11]. All of it, constitutes Tau as a com-
mon pathological hallmark in neurodegeneration, so that its detection is
desirable for the sensitive diagnosis of AD and other neurodegenerative
disorders.

Tau proteins acts as a neuronal microtubule-associated protein that
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regulates axonal growth and neuronal polarity, as it is mainly found
associated to axons [12]. In the normal human brain, Tau regulates the
assembly of tubulin into microtubules [13]. This regulation is mediated
by the phosphorylation of Tau protein, however, an hyper-
phosphorylation of this protein increases its tendency to aggregate and
to assemble into pair helical filaments (PHFs) and later in the formation
of intracellular NFTs, highly related with AD [14-17]. The formation of
NFTs has also been related with B-amyloid (AB), a relevant AD
biomarker [18], as according to the amyloid cascade hypothesis [19],
Tau hyperphosphorylation occurs following (AB) deposition [20,21].

Current Tau protein detection is based on enzyme-linked immuno-
sorbent assay (ELISA), mass spectrometry or surface plasmon resonance
among other techniques [22-24]. But these procedures are
time-consuming and expensive, so that they are not suitable for their use
as generalized screening methods. For that reason, the development of
optical and electrochemical biosensors for the detection of AD bio-
markers has increased among the last years, obtaining promising results
[25,26]. However, most of these approaches are based on
sandwich-based or competitive assays, depending on the analyte size,
requiring the use of labels. The complexity of these procedures is meant
to be reduced by the implementation of label-free strategies, for what
the use of nanochannels as biosensing platforms stands out [27,28].

In the 50’s Wallace Coulter developed the first microchannel-based
biosensing device [29]. The mechanism of action of this system is
based on the detection of changes in the electrical conductance between
two chambers connected by a microchannel when an analyte passes
through it. From this first device, several improvements have been done
until reaching nanometer channel systems [30], able to detect bio-
molecules as ssDNA following the so-called stochastic sensing [27,31].

In the development of nanochannel-based systems, the use of natu-
rally pore forming biomolecules such as pore forming toxins has also
been exploited [31,32]. However, these biological systems in occasions
lack from stability and are suitable just for small size molecules, so that
alternative systems such as solid-state nanochannels have been postu-
lated [33]. As an example of them, nanoporous alumina membranes
show up. They are characterized by having reduced pore sizes while
maintaining an enhanced pore density, what increases the available
surface area [34]. These membranes have already been used for the
electrochemical detection of proteins [35], DNA [36], enzymes [37] or
in situ monitoring of cell secreted proteins [38] and anti-virulence agents
[39], using screen printed carbon electrodes (SPCEs) or indium tin
oxide/poly(ethylene terephthalate) (ITO/PET) electrodes. The excellent
filtering properties and low unspecific adsorption of proteins shown by
this material has made it ideal for the analysis of samples with complex
matrixes. However, the detection of AD biomarkers is seldom studied
within nanochannels [40].

In this context, we propose here a novel approach for the detection of
Tau protein using nanoporous alumina membranes as sensing platforms
and ITO/PET electrodes as transducers. The analytical detection tech-
nique used is based on the blockage of the signal, both steric and elec-
trostatic, due to the presence of increasing concentrations of Tau
protein, captured by specific antibodies. Moreover, the effect of the pH
in the blockage capacity and the performance in real plasma samples has
also been investigated. The developed biosensor is the first approach, to
our knowledge, in which nanochannels are used for Tau protein
detection.

2. Materials and methods
2.1. Reagents and equipment

(3-aminopropyl) triethoxysilane (APTES), amyloid beta protein (B-
amyloid), avidin from egg white, bovine serum albumin (BSA), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-
Hydroxysulfosuccinimide sodium salt (sulfo-NHS), Tau-441 (1—441)
protein, plasma from human (prepared from donors pooled blood),
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potassium ferrocyanide K4[Fe(CN)gl, (2-(N-morpholino) ethanesulfonic
acid) (MES) and Tris (tristhydroxymethyl) aminomethane)-HCl (Tris-
HCI) were purchased from Sigma-Aldrich (Spain). Anti-Tau monoclonal
antibody (BT2) was purchased from Thermo Fisher Scientific (Spain).

Buffer solutions used were 0.1 M MES pH 5.0, and 0.1 M Tris-HCl at
pH 6.5, 7.2 and 9.0 and they were all prepared in ultrapure water (18.2
MQ-cm @ 25 °C) obtained from a Millipore Direct-Q® 3 UV purification
system from Millipore Ibérica S.A (Spain).

Nanoporous alumina membranes (Whatman® AnodiscTM filters, 13
mm diameter, 60 um thickness, 100 nm pore) were obtained from VWR
International Eurolabs (Spain). ITO/PET sheets (surface resistivity 60
Q/sq) were obtained from Sigma-Aldrich (Spain). ITO/PET was used in
pieces of 43 x 20 mm as electrochemical transducers. As reference
electrode a silver/silver chloride from CH Instruments, Inc (United
States of America) was used, while a platinum wire from Alfa Aesar
(United States of America) was selected as counter electrode.

The electrochemical measurements were performed inside a meth-
acrylate electrochemical cell using an Autolab PGSTAT-10 (Eco Chemie
(Netherlands)) connected to a PC and controlled by Autolab GPES
software. The nanoporous membranes were characterized using a
scanning electron microscope (SEM) MEB JOEL-6100 (Japan).

2.2. Methods

2.2.1. Nanoporous alumina membranes functionalization and anti-Tau
antibody immobilization

Anti-Tau antibodies were immobilized in the inner walls of the
nanochannels of the nanoporous alumina membranes following a pre-
viously optimized procedure, consisting in the functionalization of the
alumina with amino groups through a silanization protocol, followed by
the immobilization of the antibody through the peptide bond, using the
EDC/NHS chemistry (see Fig. S1 at the Supplementary Material) [41].

Briefly, nanoporous membranes were immersed in ultrapure water
and boiled for 1 h. This boiling step is done both for cleaning them and
activate the hydroxyl groups present in the surface, what favours the
latter silanization process. [42]. Then, the membranes were dried under
a nitrogen flow and then plunged into a 5% APTES solution in acetone
for 1 h. The solution was withdrawn, and the membranes were washed
three times with pure acetone. After that, they were dried at 120°C for
30 min. After this process, the silanized membranes could be stored for
weeks without losing their activity.

For the optimization of the immobilization of anti-Tau antibodies in
the inner wall of the nanochannels, 30 pL of a solution of 5 mM EDC/
sulfo-NHS in MES pH 5, containing different concentrations of the
anti-Tau antibody (0.5, 1, 10 and 50 ug/mL) were placed on the top side
of the membrane and left at room temperature for incubation for 2 h.
Control assays were performed in Tris-HCl 10 mM pH 7.00 without
antibody being added. After this incubation, membranes were placed on
top of a rack and gently washed with Tris-HCI 10 mM pH 7.00 buffer (see
Fig. S2 at the Supplementary Material).

2.2.2. Immunoassay for Tau capturing in the nanochannels

For that purpose, 30 pL of solutions containing increasing concen-
trations of Tau protein (5-100 ng/mL) were placed on the membranes
and left for incubation at room temperature during 3 h. Then, mem-
branes were put on top of a rack and thoroughly cleaned with Tris-HCIL
10 mM. To achieve an enhanced variation between control samples and
Tau-containing ones, pH of the final buffer solution used for cleaning
and measuring was adjusted, thus trying at pH 7.00, 8.24 and 9.00.
Control assays were performed using the same procedure but without
the addition of Tau protein.

To evaluate the selectivity of the developed sensor, the above-
described methodology was followed for 100 ng/mL solutions of -am-
yloid, avidin and BSA solutions instead of that of Tau protein.

Long-term stability of the membranes was also evaluated by storing a
set of anti-Tau antibody modified membranes at 4°C for one month and
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adding a 100 ng/mL Tau solution at different time points.

2.2.3. Cell set-up and electrochemical measurements

The electrochemical measurements were performed fixing the
nanoporous membrane on top of an ITO/PET electrode, using a meth-
acrylate cell. First, the membrane was placed with the filtering side up
on top of the conductive side of the ITO/PET electrode. The electrode
was introduced between two pieces of methacrylate, one of them with a
hole that delimitates the ITO/PET working electrode area and the
electrochemical cell. Then, the whole system was adjusted with screws
to avoid liquid leakage. Ag/AgCl and a Pt wire were used as reference
and counter electrodes respectively.

For the electrochemical measurement, the electrochemical cell was
filled with 400 pL of a 10 mM solution of K4[Fe(CN)g] red-ox indicator.
Then, a pre-treatment at — 0.55 V was applied for 30 s and immediately
after, a differential pulse voltammetric (DPV) scan between + 0.1 V and
+ 1.3 V was done applying a step potential of 10 mV, a modulation
amplitude of 50 mV and at a scan rate of 33.5 mV/s. As a result, the
oxidation of [Fe(CN)6]4_ to [Fe(CN)G]s_ was observed and the corre-
spondent peak current at approximately + 0.6 V was selected as
analytical signal.

Measurements were performed in triplicate, using different nano-
porous alumina membranes and ITO/PET electrodes.

The whole time required for performing the analysis (from the step of
adding the sample containing the antigen), including also mounting the
cell, is of around 4 h (for 20 membranes: analysis of 20 samples) or 6 h
(for 60 membranes: analysis of 60 samples). Using more cells simulta-
neously, the number of analysis could be further increased, estimating 1
h more per each 20 membranes (i.e. 8 h for analysing 100 samples).
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2.2.4. Spike and recovery assay

Spike and recovery is fundamental for the evaluation of the perfor-
mance of a biosensor in complex samples. A plasma sample from healthy
patients was used for such purpose. This experiment was performed by
spiking the plasma sample with different concentrations (5 and 25 ng/
mL) of Tau protein (n = 3 for each sample). Then, the spiked samples
were evaluated in the nanochannels-based sensing system, being finally
calculated the % of recovery of the analytical sample in plasma,
compared with the obtained in non-spiked plasma.

3. Results and discussion

3.1. Sensing principle for Tau protein detection: optimization of the main
parameters involved

In this work, commercial nanoporous alumina membranes with a
nominal pore diameter of 100 nm (real average diameter of 108 + 16
nm, Fig. S3 at the Supplementary Material) were selected as sensing
platforms due to their easy functionalization, filtering capacities and low
unspecific adsorption of proteins. Membranes were first characterized
by scanning electron microscopy showing a regular and well dispersed
morphology (Fig. 1A).

The principle of the developed biosensor is based on the nano-
channels blocking by the Tau protein captured by the specific antibody.
In the presence of this protein, the flow of the [Fe(CN)5]4' red-ox indi-
cator through the nanochannels is reduced, due to both steric and
electrostatic impediments (Fig. 1B). This is monitored through the
decrease in the voltammetric oxidation of [Fe(CN)6]4' to [Fe(CN)6]3'
which is evaluated using the electrochemical set-up detailed at methods
section, with ITO/PET working electrodes (Fig. 1C). Compared to
screen-printed carbon electrodes (SPCEs), previously used together with

[Fe(CN)¢]*
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Fig. 1. A. Schematic representation of the pore distribution inside a nanoporous alumina membrane accompanied by SEM micrographs of both top view (left) and
cross- section view (right) of the membranes. B. Schematic representation of the principle of the biosensor developed, based on the nanochannels blocking by the Tau
protein captured by specific antibodies, which hinders the diffusion of [Fe(CN)s]* to the electrode, leading to a decrease in its voltammetric oxidation to [Fe(CN)e]*".

C. Electrochemical set-up used in this sensing device.
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nanoporous alumina membranes in nanochannels-based electro-
chemical biosensing systems [43], ITO/PET electrodes show important
advantages for such particular application. The use of SPCEs as trans-
ducers in these systems suffered from important limitations related to:
(i) the membrane covers the three electrodes (reference, counter and
working), inducing not wanted blocking of the reference electrode,
which leads to unstable signals; (ii) the roughness of the working carbon
electrode makes difficult the assembling with the membrane, leading to
irreproducibility in the signals. In contrast, our experimental set-up al-
lows to improve the system performance, overcoming such limitations.
The flatter surface of the ITO/PET electrode allows to improve the
membrane/electrode assembling and consequently the system repro-
ducibility. The use of external counter and reference electrodes avoids
the electrodes blocking with the membrane, giving much more stable
signals. Moreover, the flexibility and biocompatibility of the ITO/PET
make it ideal for future applications in wearable electrochemical sensing
[44].

3.1.1. Optimization of anti-Tau antibody concentration

As detailed in methods section, anti-Tau antibodies are immobilized
in the inner walls of the nanochannels through the peptide bond, taking
advantage of the carbodiimide chemistry. The minimum concentration
for a total covering of the nanochannels surface was evaluated by
monitoring the certain blocking effect that the antibodies by themselves
exert toward the diffusion of the red-ox indicator ion through to the
electrode. This blockage could be associated to both steric and electro-
static effects, as the size of an antibody is considered to be around
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10-15 nm [45,46], while the size of the ions of [Fe(CN)g] 4 is lower than
1 nm.

Therefore, the first step performed was the immobilization of
different anti-Tau antibody concentrations to study the blockage pro-
duced. The degree of blockage in the signal has been calculated as
described in Eq. 1:

Index of Antibody Current Blockage (ALy,) (%)

(Igbare membrane — I antibody modified membrane)

_ x100 )
Iy bare membrane

where I is the value of the peak current corresponding to the voltam-

metric oxidation of [Fe(CN)g] 4 to [Fe(CN)e] 3 The use of this parameter

as analytical signal in this experiment has helped to normalize the re-

sults and obtain a better conclusion.

Anti-Tau antibody in concentrations ranging from 0.5 to 50 pg/mL
was evaluated. The isoelectric point (pI) of the antibody is a key
parameter for the selection of the adequate buffer in which the [Fe
(CN)]* red-ox indicator solution is prepared. Previous experiments
have confirmed that the pl for Tau antibodies is between 5 and 8 [47]
but these values could vary depending on the species in which the
antibody has been generated. In this regard, the monoclonal anti-Tau
antibody used in this work has been produced in mouse, being the
antibody an IgG1 kappa light chain that is associated with a pI of 6.4
[48].

In view of this information, and with the aim of taking advantage of
the electrostatic hindrance for this optimization, a Tris-HCl buffer at pH
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Fig. 2. Optimization of the concentration of anti-Tau antibody immobilized inside the nanochannels. A. (Up) Schematic illustration of the different situations with
different amounts of antibody immobilized and the blockage on the diffusion of the [Fe(CN)g] 4 red-ox indicator ions; (Down) Differential pulse voltammograms
(DPV) recorded for each concentration of anti-tau antibody concentration evaluated, using a 10 mM K4[Fe(CN)g] solution in 10 mM Tris-HCl buffer at pH 7.00,
applying a pre-concentration potential of — 0.55 V for 30 s and scanning from + 0.1 V to + 1.3 V at a step potential of 10 mV, a modulation amplitude of 50 mV and
a scan rate of 33.5 mV/s; B. Comparative representation of the index of antibody current blockage (as defined in Eq. 1) for different anti-Tau antibody concentrations.

Data are given as average + SD (n = 3).
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of 7.00 was selected as [Fe(CN)(,]4' solution media, so as to have the
antibodies negatively charged which should exert a certain repulsion to
the diffusion of the [Fe(CN)g] 4 ions. This is translated into an increased
blockage of the analytical signal. By selecting this pH, a further confir-
mation of the pl of the antibody could be done in an easy-to-manage
form.

As shown and illustrated in Fig. 2A, the increasing amount of anti-
Tau antibody produces a gradual decrease in the voltammetric signal,
reaching a saturation for 1 ug/mL. This behaviour is consistent with our
hypothesis, suggesting that the presence of the negatively charged an-
tibodies is hindering the diffusion of the negatively charged red-ox in-
dicator ions. In terms of blockage in the signal (Fig. 2B) at a
concentration of 0.5 pg/mL the index of blockage produced is of 9%
while this value is notably enlarged to 41% with a slight increase in the
concentration to 1 pg/mL. This value is maintained at higher concen-
trations, reaching 42% for 10 ug/mL, what indicates that the saturation
of the nanochannels has been achieved and the increase in anti-Tau
antibody concentration is not translated into a greater immobilization
of them inside the nanochannel. The slight decrease to 34% observed for
50 ug/mL is probably due to the saturation of the signal. These results
suggest that the minimum amount of anti-Tau antibody giving the total
covering of the nanochannels corresponds to a concentration of 1 pg/
mL, which was selected as optimum for the development of the
immunoassay.

3.1.2. Immunoassay for Tau protein capturing inside the channels and
optimization of the pH of the measuring buffer

After the optimization of the anti-Tau antibody concentration, im-
munoassays were performed for Tau protein capturing inside the
nanochannels. The Tau protein molecule has a size of 69-75 nm in a
non-phosphorylated form while this value slightly increases in a
hyperphosphorylated form [49]. Considering the presence of anti-Tau
antibodies (of around 10-15nm) in the inner walls of the nano-
channels (real average diameter of 108 nm), the capturing of the Tau
protein would highly increase the steric blockage of the signal, still
allowing the [Fe(CN)6]4' red-ox indicator ions diffusion.

Moreover, proteins may have a positive or negative external net
charge depending on the pH of the measurement solution. This charge
will contribute to the signal blockage by electrostatic interactions of the
nanochannel due to charge repulsion between the negative ions of the
red-ox indicator and the biomolecule. For that reason, to have the
maximum blockage by low concentrations of Tau protein, the optimum
pH for the buffer used during measurements was evaluated.

In this experiment, a fixed concentration of Tau protein of 100 ng/
mL was used. Tau protein behaves as a dipole containing two domains, a
N-terminal region which has a pl of 3.8, and a C-terminal region with a
pl of 10.8. Tau protein also contains a proline-rich domain with a pI of
11.4. However, posttranslational modifications of this protein could
clearly modulate these dipoles [50]. For that reason, the use of a
measuring pH that allows to detect a wider range of Tau protein forms is
desirable for the real implementation of the biosensor developed in this
work for further clinical samples analysis.

In this work, the model Tau-441, recombinant protein, the longest
human brain Tau isoform (441 amino acids) was used [51]. The pl value
for Tau-441 used was also theoretically calculated using ProtParam tool
following previously published procedures (see Fig. S4 at the Supple-
mentary Material) [50,52], providing a pI value of 8.24 which correlates
with previously reported values [53].

Taking into consideration this information, pH values of 7.00, 8.24
and 9.00 were used for preparing the 10 mM K4[Fe(CN)g] red-ox indi-
cator solutions for studying the effect of the pH in the nanochannels
blockage, as defined in Eq. 2:

Index of Tau Current Blockage (Alry,) (%)
(IO antibody modified membrane — Iimmunoassay) 100
= x

(2)

I, antibody modified membrane
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It is worthy to mention that according to the pl of the anti-Tau an-
tibodies, they should remain negatively charged for all the pH values
evaluated, being their inherent blockage effect considered as a constant
background which does not affect the biosensing system.

According to the scheme represented in Fig. 3A at a pH of 8.24,
equivalent to the pI of Tau-441, the protein molecules are uncharged, so
not electrostatic effects should be induced by the presence of the protein
inside the nanochannels. However, a noticeable blockage in the current
up to a 32% index (as defined in Eq. 2) is measured, suggesting that
steric impediments (size above 69-75 nm in a nanochannel of 100 nm in
diameter) have an important contribution in hindering the diffusion of
the red-ox indicator ions.

At a pH of 7.00, which is below the pl value of Tau-441, the net
charge of the protein is positive, so this should induce an electrostatic
attraction effect to the [Fe(CN)g] 4 jons and consequently an increase in
the voltammetric signal. This is corroborated by the decrease in the
blockage index (18%) obtained, as depicted in Fig. 3B, induced by the
steric blockage of the protein (size above 69-75 nm in a nanochannel of
100 nm in diameter).

Interestingly, increasing the pH to 9.00, a value which is higher than
the pI of the Tau-441, the protein is negatively charged, impeding the
diffusion of the [Fe(CN)6]4' ions. This leads to a dramatic increase in the
current blockage index to 73% (Fig. 3B). According to these results, pH
9.00 is selected as the optimum value for obtaining the maximum
response regarding the analytical signal. Moreover, this pH value allows
to cover a wide spectrum of pls, so that all variants of Tau protein,
independently of their phosphorylation state and isoform, could be
detected with a high precision. The quite basic pH does not significantly
affect the chemical stability of the ferro/ferrycyanide pair as it has been
previously stated that this redox molecule retains its activity even at pH
14 [54]. Although a small decrease in the analytical signal is recorded at
pH 9.00, compared to measurements at pH 7.00, the use of normalized
blocking indexes eliminates the impact of these small variations in the
result, facilitating comparison between different conditions.

A Increasing buffer pH

B. 2 100
o &
é :’3 80 T
‘:‘:, < 604
23
%5 & 40
©
]
838 201
2 7 m
0 y .
7.00 8.24 9.00

pH of measurement buffer

Fig. 3. Effect of the pH of the measurement buffer in the analytical system. A.
Representation of the different charges of both anti-Tau antibody and Tau
protein depending on the pH of the measurement solution and how it affects the
diffusion of the [Fe(CN)¢]* red-ox indicator ions through the channel; B. Effect
of the pH on the index of Tau current blockage (as defined in Eq. 2) represented
by the average + SD (n = 3).
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3.2. Electrochemical detection of Tau protein

After the optimization of the main parameters involved in the
detection of Tau protein, the biosensor developed was used for the
determination of different concentrations of this biomarker. The Tau
protein incubation is performed at a pH 7.00, as the immunoreaction has
been proved to be more efficient and stable at such pH value [55]. After
this incubation step, electrochemical measurements are performed using
a [Fe(CN)gl # redox solution in a buffer at PH 9.00. At this pH value, the
Tau protein is negatively charged, what optimizes the blockage ob-
tained, as proved in previous sections. Due to the short duration of the
measurement, the chemical stability of the antigen-antibody interaction
should not be compromised at such basic pH.

As expected, the presence of increasing concentrations of Tau protein
leads to a decrease in the voltammetric peak current corresponding to
the oxidation of the red-ox indicator [Fe(CN)6]4' to [Fe(CN)6]3' at
approximately + 0.6 V (Fig. 4A), which is the analytical signal selected
for the quantitative analysis. It was found a linear relationship between
such analytical signal and the Tau protein concentration within the
range 5-100 ng/mL (Fig. 4B) with a correlation coefficient (r) of 0.9981,
adjusted to this equation:

Peak current (pPA) = —0,112 [Tau] (ng/mL) + 20,4 3)

The biosensing system developed has a limit of detection (LOD,
calculated as three times the standard deviation of the intercepted
divided by the slope) of 4.32 ng/mL and an appropriate reproducibility
with a relative standard deviation (RSD) of 9%. Although there is a quite
controversy in the bibliography on the expected levels of Tau protein in
plasma of both healthy and AD patients, in the particular case of the
immunoassays, the literature suggests that the found Tau levels strongly
depend on the specific anti-Tau antibody used. Some reported immu-
noassays [56] have shown that the Tau protein is present in AD patients
plasma at levels of around 60 ng/mL, which are above the detection
limit of our immunoassay. This suggests that our methodology is
potentially suitable for the determination of Tau protein in the real
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scenario. Anyway, a careful evaluation of different antibodies may be
necessary for the real implementation of this technology.

Our methodology is faster and cheaper than ELISA kits, since neither
competitive assays nor the use of labels are required. Moreover, our
approach benefits of the low cost and portability of the potentiostats
used for the electrochemical detection [57], which is ideal for a
point-of-care detection of Alzheimer’s disease.

3.3. System selectivity and long-term stability

Selectivity of the biosensor was evaluated against common analytes
present in human samples, as B-amyloid, another common AD
biomarker, avidin and BSA (Fig. 4C). It has been observed that the
blockage produced in the presence of the abovementioned analytes is
lower than 20%, what supposes an irrelevant value compared to the one
obtained by Tau protein (61%), proving the selectivity of the method.

Additionally, long-term stability of the developed sensor has been
preliminary addressed by storing a set of anti-Tau antibody modified
membranes at 4°C for one month and evaluating the response for a
100 ng/mL Tau solution at different time points. As shown at the Sup-
plementary Material (Fig. S5), the response of the system was stable and
reproducible for at least 21 days, noticing a decrease after 30 days of
storage. Although this aspect requires further optimization, the pre-
liminary stability observed suggests that the antibody-modified mem-
branes could be stored ready for the sample analysis, which would only
involve the steps of the sample incubation on the membrane, washing
and measuring buffer adding.

3.4. System performance in real samples

Tau protein is well-known to be a suitable biomarker for the detec-
tion of AD and other neurodegenerative disorders, as high levels of this
protein are present in cerebrospinal fluid (CSF) and plasma samples of
patients with different pathologies [58].

The main obstacle to overcome for measuring Tau protein is the
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Fig. 4. Tau protein detection through antibody recognition inside the nanochannels. A. Differential pulse voltammograms (DPV) recorded for different Tau con-
centrations, using as red-ox indicator 10 mM K4[Fe(CN)g] in buffer at pH 9.00. Anti-Tau antibody concentration: 1 pg/mL. Pre-concentration potential: — 0.55 V for
30 s; scan range: + 0.1 V to + 1.3 V; step potential: 10 mV; modulation amplitude: 50 mV; scan rate: 33.5 mV/s. B. Calibration curve obtained by representing the
analytical signal (value of the peak current at +0.6 V) £ SD (n = 3), obtained for the different concentrations of Tau protein assayed. C. Selectivity assay using a

concentration of 100 ng/mL of Tau protein, 8-amyloid, avidin or BSA.
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complexity of real samples as possible interferences could occur [59,60].
For addressing this drawback, nanoporous alumina membranes are
suitable platforms, as it is well known that this material has a low pro-
tein adsorption rate, acting as efficient filter in complex matrixes [41,
43].

For evaluating this issue, a spike and recovery procedure was per-
formed in plasma samples adding different Tau concentrations spiked in
commercial plasma from healthy patients. The plasma samples are then
added, in substitution of Tau protein dissolved in buffer solution, in the
incubation step. After that a 10 mM K4[Fe(CN)g] in buffer at pH 9.00
red-ox solution was used for measuring the decrease in current produced
by Tau protein, hence assuring that both antibody and antigen are
negatively charged and maximizing electrostatic blockage. The spiked
assay showed an excellent recovery rate at levels around 95% (Table 1).
These results clarify that the performance of the biosensor is not altered
by the presence of interfering compounds, thus opening the way to its
use for the detection of AD.

4. Conclusions

Tau protein, a well-known AD biomarker, has been detected in this
work using a novel nanochannel-based platform. The mechanism of this
biosensor is based on the voltammetric determination of the blockage
that Tau protein produces to the diffusion of the red-ox indicator [Fe
(CN)6]4'. It was already known that both steric and electrostatic in-
teractions affect the nanochannel blockage obtained, but the contribu-
tion of both components of the antigen-antibody pair used in
nanochannels-based immunosensors was less research. Our findings
confirm that the control of the charge of both components by changing
the buffer measurement pH is required to maximize the blockage upon
the immunocomplex formation. Considering antibody plI is particularly
crucial not only for the overall blockage obtained but also to properly
select the antibody concentration required in the immunoassay,
reducing the concentration needed and thus the immunosensor cost.

In the main, our method let detecting Tau protein with a good per-
formance in human real samples and with a LOD of 4.3 ng/mL, which is
in correlation with clinical values and with those detected by gold-
standard techniques. It is worthy to mention that our methodology
does not require neither labels nor competitive assays. As far as we
know, this is the first time that Tau protein is detected through a
nanochannel-based electrochemical sensor. This label-free sensor allows
to detect Tau protein in a cheaper and faster approach, getting closer to
clinical practice requirements, opening the way to a point-of-care
diagnosis of AD.

Overall, our findings related the effect of both the anti-Tau antibody
and the anti-Tau/Tau immunocomplex charges on the nanochannels-
based biosensing system may be extended to any other antibody/anti-
gen pair, just paying attention to the isoelectric point of such proteins,
targeting applications in medicine, food analysis and environmental
control among others.
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Table 1
Spike and recovery assay data in plasma for Tau concentrations of 5 and 25 ng/
mL, corresponding to the lower and medium values of the calibration curve.

Sample Spiked Tau Current in Current in real Recovery
(ng/mL) PBS (uA) sample (pA) (%)
Plasma from 5.00 18.9 18.2 96.3
healthy 25.0 17.0 16.3 95.6
subjects
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development of biosensing systems based on nanoparticles and nanochannels for point-of-
care diagnostic applications.
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