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Alzheimer's disease (AD) is the most common form of dementia in the elderly, and there are still no
reliable methods for its early detection. Recently, the phosphorylated protein Tau181 (p-Tau181) was
identified as a highly specific biomarker for AD. Therefore, in this work, a new strategy for the develop-
ment of an electrochemical-based immunosensor for the detection of p-Tau181 is described. For this pur-
pose, a carbon screen-printed electrode (C-SPE) was modified with platinum nanoparticles decorated
with multi-walled carbon nanotubes (MWCNTSs- PAH /Pt) to enable antibody binding. Scanning electron

Key W‘?rdS: microscopy, transmission electron microscopy, Raman and X-ray photoelectron spectroscopy were used
Alzheimer .. . .

Biomarker to study the morphology and crystallinity of the nanomaterials. Cyclic voltammetry and square-wave
Electrochemical voltammetry were performed to compare the electrochemical properties of these electrodes. Under opti-
IMMmunosensor mal conditions, the developed immunosensor exhibited a linear range from 8.6 to 1100 pg/mL, and the

detection limit was estimated to be 0.24 pg/mL. This device showed excellent reproducibility and stabil-
ity with remarkable selectivity for p-Tau1l81 in serum samples. Overall, this device enables minimally
invasive clinical evaluation of p-Taul81 level with high sensitivity through simple operation, which
makes this device a promising tool for future point-of-care purposes that will contribute to the techno-

logical development of clinical diagnostics.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is one of the most common forms of
dementia, attacking the brain and affecting memory, behaviour
and emotions. There are currently more than 50 million cases of
dementia, and this number is expected to double every 20 years
[1-3]. This increase is due to the ageing of the world’s population
and is an imminent public health problem. Diagnosis of AD is cur-
rently costly and invasive, with accurate diagnosis only possible by
autopsy [4-6]. Pathologically, AD is defined by the accumulation of
amyloid plaques and intracellular neurofibrillary tangles, which
are the result of microtubule non-stabilisation due to abnormal
accumulation of hyperphosphorylated Tau protein [7-9], leading
to aggregation and consequent neuronal dysfunction [10]. There
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is evidence that this accumulation begins years before the clinical
symptoms of AD appear, allowing for early diagnosis.

The identification of biomarkers for AD has been subject of
studies for many years, mostly based on the analysis of cere-
brospinal fluid or positron emission tomography images (PET)
[11,12]. Recent studies show that Tau protein is an important bio-
marker for early diagnosis of AD via blood, and confirmed that Tau
phosphorylated at threonine 181 (p-Tau181) is very specific for AD
[13]. Mass spectrometry [14], western blot [15], PET images [16],
immunomagnetic reduction [17], and immunoassays [18-20] are
the existing gold standard methods that can accurately detect
and quantify p-Tau181. In the specific case of blood immunoassays
targeting Tau species, particularly Tau fragments phosphorylated
at threonine 181, these assays have shown promising results,
demonstrating that they are a reliable tool for AD diagnostic. How-
ever, the described methods have some limitations, such as false
positive and negative results, interpretation problems, complexity,
time consumption and expensive equipment. Therefore, there is a
need to develop a new diagnostic method that allows accurate,
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rapid, and cost-effective early detection of AD with minimally
invasive procedures.

One promising technology is based on electrochemical
immunosensors, which combines the accuracy of electrochemical
assays with the selectivity of an antibody as a biorecognition
element [21-23].Various molecules such as antibodies[24-26],
aptamers[27]|, or plastic antibodies [28] with promising
operational properties have been used to detect the Tau protein.
Nevertheless, biosensors still need to be improved in terms of sen-
sitivity and selectivity. This could be attained through the use of
nanomaterials, which are also being integrated into biosensor ana-
lytical instrumentation to create more sensitive and highly accu-
rate biosensing platforms. Various types of nanomaterials such as
gold nanoparticle [25,26], magnetic nanoparticles [25], quantum
dots [29], and carbon nanotubes [30] have been integrated into
biosensor platforms for Tau protein detection due to their unique
chemical and physical properties.

Almost all electrochemical biosensors for the detection of Tau
protein described in the literature are based on an antibody as a
biorecognition element. Tau-441 was detected in the work of Car-
lin and Martic-Milne [31]. The authors developed a very easy to
fabricate gold electrode coated with anti-Tau antibody. Later,
Wang and co-authors fabricated a four-electrode system of gold
microband electrodes coated with a self-assembling monolayer
and protein G. Protein G is used to interact with the immobilized
antibodies and ensure their optimal alignment [19]. This work
showed a good detection limit of 0.03 fM but uses an additional
protein (protein G) to develop the sensing layer, implying a more
expensive and complex assay. Another assay was later developed
by Karaboga and Sezginturk (2020), who presented a more compli-
cated design of indium tin oxide electrodes coated with polyethy-
lene terephthalate and using a nanocomposite of reduced graphene
oxide and gold nanoparticles for antibody binding. [32] Another
interesting paper was published by Razzino and co-authors who
described in 2020. They reported a C-SPE modified with a
nanocomposite of gold nanoparticles and poly(amidoamine) den-
drimers, and the attachment of an anti-Tau antibody to detect
Tau protein. The biosensor showed good analytical performance
in terms of detection limit (1.7 pg/mL), but this method is complex
because a second labelled antibody is required[26]. In general, the
use of nanocomposite structures in the design of biosensors signif-
icantly increases the sensitivity of the sensor and decrease the
detection limit. Carbon nanotubes (CNTs) are widely used for
biosensing because they have a large surface area and good elec-
trocatalytic properties [33]. To increase the performance of the
device, the multi-walled carbon nanotubes (MWCNTSs) can be com-
bined with other materials, making the nanocomposite more effi-
cient than using individual components. Nanoparticles with a
stable physicochemical structure, such as gold and platinum, are
often used to modify the electrode or antibody surface to enhance
the signal.

Therefore, in this study, a simple and novel electrochemical
immunosensor was developed for the determination of p-
Taul81 protein in serum. In this approach, a C-SPE modified
with a layer of aminated carbon nanotubes coated with platinum
nanoparticles (MWCNTs- PAH [Pt) was used, which serve as a
binding layer for the antibodies because they have affinity and
enhance electron transfer. The detection of this immunosensor
occurs after the binding of p-Tau181, which changes the electro-
chemical signals that are analyzed by square wave voltammetry
(SWV). The analytical performance of the immunosensor was
tested with spiked serum. Overall, this methodology contributes
to an accurate, cost-effective and simple method for the diagno-
sis of AD.
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2. Materials and methods
2.1. Reagents

All solutions were prepared in ultrapure water Milli-Q. Sodium
chloride (NaCl) poly(allylamine hydrochloride) (PAH), sodium
borohydride (NaBH,), sodium citrate tribasic dihydrate, 98% and
chloroplatinic acid hydrate (H,PtClg-xH,0, 99.9%), potassium ferri-
cyanide III ([Ks5[Fe(CN)s]), potassium ferricyanide II ([K4[Fe(CN)g])
trihydrate, hemoglobin, potassium chloride (KCl), phosphate buf-
fered saline (PBS, 0.01 M, pH 7.4), bovine serum albumin (BSA)
and fetal bovine serum (FBS) were purchased from Sigma Aldrich.
Glycerol and DL-dithiothreitol were used for the p-Tau181 buffer
preparation. Tau [p-Taul81] and polyclonal antibody (Thr181)
were purchased from Invitrogen. Interfering solutions to selectivity
tests were prepared in PBS under physiological conditions, in this
case Igg, hemoglobin, uric acid and BSA.

2.2. Equipment and materials

Screen-printed electrodes (SPE) (Dropsens DRP-C110) with a
4 mm diameter carbon working electrode, a carbon counter elec-
trode, and an Ag pseudoreference electrode in a ceramic strip (di-
mensions 3.4 x1.0 x 0.05 cm) were used for all experiments.
Electrochemical measurements were performed in a Metrohm
Autolab potentiostat/galvanostat controlled by NOVA 1.11
software.

Raman spectra were recorded for the chemical analysis of the
sensor in a Thermo Scientific DXR Raman using a confocal micro-
scope and a 532 nm excitation laser.

The surface morphology of the different samples was deter-
mined using a field emission scanning electron microscope
(FESEM, JEOL-JSM —6700F) equipped with a retractable backscat-
ter electron detector and a detector from the Oxford Inca EDX sys-
tem for compositional analysis. Another technique for the
morphology analysis was transmission electron microscope
(TEM, JEOL-JEM 1010) with an accelerating voltage of 100 kV.
High-resolution transmission electron microscopy (HRTEM) was
performed with a microscope (JEOL-JEM 2010F) at 200 kV (acceler-
ating voltage).

XPS measurements were performed with monochromatic Al-Ka
radiation (hn = 1486.6 eV). Photoelectrons were collected at a col-
lection angle of 90° relative to the sample surface. The measure-
ment was performed in constant analyzer energy mode with a
pass energy of 100 eV for overview spectra and 20 eV for high-
resolution spectra. Charge referencing was performed by setting
the C1s photopeak with lower binding energy to 284.8.0 eV Cls
hydrocarbon peak. The elemental composition of the surface was
determined using standard Scofield photoemission cross sections.
Samples were analyzed using a Thermo Scientific K-Alpha ESCA
instrument equipped with monochromatic aluminum Ko radiation
at an X-ray source of 1486.6 eV.

2.3. Synthesis of MWCNTs-PAH/Pt

For functionalization of CNTs with (poly)electrolytes,
multi-walled carbon nanotubes (MWCNTSs, Nanolab, 5-20 um in
length and 10-15 nm in diameter) were sonicated in a mixture
of acetone/EtOH (1:1, 20 mL) for 10 min and centrifuged three
times (9000 rpm, 20 min) before (re)dispersion in ultrapure water
(18 MQ cm™!). The sample was then freeze-dried for 48 h and used
without further treatment (13). CNTs (7.5 mg) were dispersed in an
aqueous 0.5 M NaCl solution (50 mL) containing 1 wt% polyally-
lamine hydrochloride (PAH) to a final concentration of 150 mg/L.
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The pH of the solution was adjusted to 9.5 to promote coating of
the MWCNTs by PAH. The resulting mixture was magnetically stir-
red (1 h) and then sonicated with an ultrasonic probe (3 h) to
ensure dispersion. The excess of PAH was removed by 3 centrifuga-
tion cycles (12000 rpm, 24 h) and redispersed by sonication in
water. The CNT concentration was determined to be 0.6 mg/mL
after absorbance measurement and substitution by a calibration
curve. Spherical platinum nanoparticles were synthesized using
NaBH4 (2.45 mL, 0.015 M) rapidly injected into a solution of
sodium citrate tribasic dihydrate (2.5 mL, 0.1 M) and chloroplatinic
acid hydrate (2.5 mL, 0.05 M) in H,0 (43 mL) at room temperature
(molar ratio NasCgHs0;/H,PtClg/NaBH, 2:1:0.3). The resulting
solution was stirred for 15 min and yielded 2-5 nm Pt-NPs (brown
color). The final step was to deposit the NPs on MWCNTs by adding
MWCNTs PAH (0.25 mL, 0.6 mg/mL) to 25 mL of Pt-NPs solution
(0.5 mM). After stirring for 30 minutes, the dispersion was cen-
trifuged several times (9000 rpm, 1 h) and redispersed in 5 mL
H,0 containing 0.03 mg/mL MWCNTs.

2.4. Immunosensor assembly

The immunosensor was assembled on the C-SPE in several
steps, as shown in Fig. 1. First, the C-SPE was pre-treated by
chronoamperometry at + 1.7 V for 200 seconds in KCI (0.1 M). Then
the electrode was washed with ultrapure water, and the nanopar-
ticles (MWCNTs-PAH/Pt) were dropped onto the working elec-
trode. This incubation was performed three times during
30 minutes at 60 °C. Then, the antibody was dropped on the elec-
trode surface at an optimized concentration (1 mg/mL) for 2 hours.
To block nonspecific binding sites on the electrode surface, the
device was incubated with BSA (0.01%) for 30 min. The final step
consisted of a 30minutes incubation with p-Tau181 at various con-
centrations. As a control, C-SPEs were fabricated without PtNP and
with dendritic PtNP, following the same steps as previously
described but without MWCNTs-PAH /Pt and with carbon nan-
otubes only. All steps of the electrode assembly were monitored
by SWV and cyclic voltammetry (CV).

2.5. Electrochemical measurements

All electrochemical tests were monitored using the response of
the redox probe 5 mM [Fe(CN)g]*>”# prepared in 0.1 M KCl, which
triggers an electron transfer process at the C-SPE surface and
allows surface characterization by techniques such as CV and
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SWV. In these experiments, potentials from —0.4 to + 0.6 V were
scanned at 0.050 V/s. These analyzes can be used to verify how
the modification of the electrode surface affects the redox pro-
cesses of the probe.

Calibration curves were constructed to test the binding of p-
Tau181 after 30 min incubation with concentrations ranging from
8.6 to 1100 pg/mL in DTT-glycerol and FBS diluted 1:100 and 1:10
in DTT-glycerol. The spiked serum samples were diluted 10- fold
before spiking p-Tau181 protein at a concentration of 7.8 pg/mlL,
17.6, 7.8 pg/mL and 1.0 ng/mL, respectively.

3. Results and discussions
3.1. Immunosensor assembly

The immunosensor was constructed according to the steps
described in Fig. 1, which include (A) pre-treatment, (B) immobi-
lization of the MWCNTs PAH /Pt, (C) antibody binding, and (D)
incubation with BSA to block nonspecific interactions. All these
steps were analyzed using CV (Fig. 2A) and SWV (Fig. 2B) to track
the progress in each immobilization stage. The addition of
MWCNTs-PAH/Pt, served to prepare the electrode for the immobi-
lization of the antibody, since the nanocomposite contains amine
groups.

The CV spectra of MWCNTs-PAH /Pt shows a significant increase
in current compared to bare C-SPE, indicating that the nanocom-
posite facilitates the redox process of the iron probe on the C-SPE
surface, an expected behavior since platinum is considered an
excellent electrical conductor. After immobilization of the anti-p-
Tau181 antibody, the current value decreased significantly, indi-
cating that the binding of the antibody was successful. This
decrease in current and increase in peak-to-peak separation are
related to the formation of a barrier to the electrons transfer at
the interface between the redox probe and the electrode surface.
In this case, the antibody, which is a larger molecule, contributes
to the decrease in electron transfer across the electrode surface.

The immobilization of the antibody on the surface of the
immunosensor is considered key for a good development of the
device and can be done in a specific or random way. Different types
of immobilization can be found in the literature, in this case, ran-
dom adsorption on the surface was chosen, a direct approach
known as flat-on [34]. Adsorption of biomolecules on water-
insoluble surface-active supports is probably the most economi-
cally attractive method of immobilization because it is simple
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Fig. 1. Different steps for fabrication of p-Tau181 immunosensor.
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C-SPE
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Potential (V)

Fig. 2. (A) CV of (yellow) bare C-SPE, (blue) C-SPE | MWCNTs-PAH/Pt, (red) C-SPE | MWCNTs-PAH/Pt/ antibody, (grey) C-SPE | MWCNTs-PAH/Pt/antibody/BSA in PBS 0.1 M
(pH 7.5) containing 5 mM [Fe(CN)g]>*~/*~ prepared in KCl 0.1 M at scan rate 50 mVs~" . (B) SWV (yellow) bare C-SPE, (blue) C-SPE /| MWCNTs-PAH/Pt, (red) C-SPE /| MWCNTSs-
PAH/Pt | antibody, (grey) -SPE /| MWCNTs-PAH/Pt | antibody/BSA in PBS 0.1 M (pH 7.5) containing 5 mM [Fe(CN)s]> /4~ prepared in KCl 0.1 M at scan rate 50 mVs~. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and inexpensive. This method is interesting when the proteins are
not stable as in covalent or (bio)affinity binding. In this approach,
antibody immobilization is based on intermolecular forces such
as electrostatic, hydrophobic, van der Waals, and hydrogen bond-
ing interactions or a combination of them [35]. Hydrogen bonding
and electrostatic interactions are expected to predominate once
the composite is composed of aminated MWCNTs modified with
Pt, and consequently the amines should interact with the -COO"
group of the antibody. The last step was to block all non-specific
binding to avoid positive bias, and a BSA solution was used for this
purpose, resulting in a current decrease.

The SWV measurements (Fig. 2B) agree with the data from CV.
After applying the nanomaterial to the C-SPE surface, an increase in
peak current was observed due to the conductive properties of the
nanomaterial. A decrease in peak current was then observed after
the attachment of antibodies and the blocking step, which is
expected once the biomolecules form a barrier to electron transfer.

3.2. Physicochemical characterization of nanostructures

3.2.1. Transmission electron microscope

The morphology of the nanocomposite was characterized by
HRTEM as shown in Fig. 3. The size, shape, distribution and aggre-
gation of the nanoparticles on the MWCNT network were also
studied HRTEM. These images show the structure of the carbon
nanotubes (Fig. 3A), which form a kind of network in which the
aminated platinum particles are uniformly distributed between
the MWCNT (Fig. 3B). These particles are 2-5 nm in diameter
and provide a large surface area for the immobilization of biomo-
lecules. Fig. 3 shows that the nanoparticles have good dispersibil-
ity, have a homogeneous surface area and exhibit a uniform
spherical morphology. The controlled size of the nanoparticles
plays an important role as it can significantly improve the electro-
chemical conductivity of the nanocomposite compared to non-
dispersed or inhomogeneous nanoparticles. The platinum particles
are aminated with weak cationic polyelectrolytes with many

amino groups, this combination favors the assembly of the
immunosensor.

3.2.2. Scanning electron microscope

The surface morphology of the MWCNTs-PAH /Pt composite
and the MWCNTs-PAH /Pt modified with anti-Tau181 antibody
was investigated using SEM. The electrode surface was mostly cov-
ered with homogeneous MWCNTs in the form of small tubular
bundles (Fig. 4). The presence of the nanoparticles was clearly vis-
ible on the surface of the composite-modified C-SPE, indicating
that they were bound to the MWCNTSs. As shown in Fig. 4B, the
morphology of the surface changed significantly after immobiliza-
tion of the antibody on the MWCNTs PAH /Pt composite due to the
interaction between the nanocomposite and the antibody mole-
cules. In addition, the distribution of the antibody throughout the
structure of the MWCNTSs-PAH /Pt composite may have led to the
formation of electrostatic interactions between the antibody and
the Pt nanoparticles.

3.2.3. X-ray photoelectron spectroscopy

The chemical states of the MWCNTs-PAH/Pt, MWCNTs-PAH/Pt
modified with the antibody, and after binding the p-Tau181 pro-
tein were detected by XPS. The chemical composition and chemical
environment of the sample were examined ex situ by XPS surface.
Cls, O1s, and survey spectra were recorded during the measure-
ments. The experimental XPS data used to prepare the analytical
summary are shown in Fig. 5. A broad analytical spectrum is used
to identify and quantify all elements on the surface of the sample.
Overall, this chemical analysis is used to verify the chemical
changes on the surface caused by the deposition of different layers
of materials on the C-SPE surface (Fig. 5).

Fig. 5 shows that when the MWCNTs-PAH/Pt were dropped
onto the electrode surface, platinum and CNTs were detected,
which was expected since these elements are present in the
nanocomposite material. When the antibody is attached, the oxy-
gen content increases due to the oxygen and nitrogen in the high
molecular weight protein, and sodium is also detected, which is
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MWCNT/PAH/PtNP

Fig. 3. High resolution transmission electron microscopy analysis of the composite material, MWCNTs-PAH/Pt.

MWCNT/PAH/PtNP

Antibody

Fig. 4. SEM analysis of (A) MWCNTs-PAH/Pt with (A1) 20.000 times; (A2) 50.000 times and (A3) 100.000 times of magnification. (B) MWCNTs-PAH/Pt modified with the
antibody with (B1) 20.000 times; (B2) 50.000 times and (B3) 100.000 times of magnification.

to be expected when the antibody is prepared in PBS buffer. Some
sulfur is also detected, as it is part of some amino acids in the anti-
body. Pt and C are detected, but at low intensity due to the overlay
from the antibody. Chlorine is still detected at low intensity due to
the antibody overlay. The final stage of surface modification was to
block the free amines on the sensor surface with BSA. As expected,
an increase in oxygen and nitrogen content was observed due to
the high oxygen content in BSA. Sodium, platinum and sulfur are
detected, but with lower intensity due to the subsequent protein
overlay.

After Tau protein binding, chlorine continued to be detected at
low intensity due to the subsequent protein overlay. Oxygen
increases due to the high oxygen content in the Tau protein, and
the same occurs with nitrogen, which reaches a maximum. Chlo-
rine and platinum continue to be detected at low intensity due

to the subsequent protein overlay. Thus, the result is a maximum
sulfur content and a minimum chlorine content. In conclusion,
the XPS is sensitive to the changes and modifications made to
the samples and the percentages agree quite well with the treat-
ments performed.

3.3. Raman spectroscopy

Raman spectroscopy with a 532 nm laser makes it possible to
verify structural information of carbon materials and their modifi-
cations. Raman spectra were recorded at different stages of the
immunosensor assembly (Figure S1) (A) (pre)treatment, (B) incu-
bation with the MWCNTs-PAH/Pt, (C) antibody binding, and (D)
incubation with BSA.
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Fig. 5. XPS survey spectra of the C-SPE, MWCNTs-PAH/Pt, MWCNTs-PAH/Pt modified with the antibody and after p-Tau181 protein.

The positions, line shapes, and intensities of these peaks can be
used to characterize the structures and properties of the
immunosensor surface. Characteristic peaks for carbon-based
materials were found in all spectra, such as the G’ peak at
2700 cm™ !, the G peak at 1600 cm~', and the D peak at
1350 cm™'. The D peak represents the presence of some disorder
in the graphene structure related to the sp2 carbon bonds. While
the G band is related to the sp3 carbon bonds. The intensity of
the D band in relation to the G band is used as a measure of the
quality of the nanotubes, i.e., it is possible to verify the presence
of chemical changes based on the ratio Ip /I, quantifying the dis-
order of the material.

The results show that the intensity of the D peak increases with
the modification of the electrode surface, indicating the presence of
disorder in the carbon materials. After (pre) treatment of the elec-
trode, an increase in disorder is observed (Ip /I 0.81 to 0.88). This
could be due to the over-oxidation of the electrode and the result-
ing formation of carboxyl, carbonyl or aldehyde groups, which
change the intrinsic properties of the graphite by altering the sp2
atomic structure and converting part of the graphite structure into
new amorphous carbon. After casting the MWCNTs-PAH/Pt on the
C-SPE surface, the Ip /I further increases. This could be due to the
chemical modification of MWCNTSs, which causes some defects in
the structure. After antibody immobilization, we observed a slight
decrease in the defects on the surface, which could be due to the
presence of the antibodies on the surface. Overall, the difference
in intensity between modifications serves as an indicator that the
surface is altered.

3.4. Analytical performance of the immunoassay

3.4.1. Calibration curve in buffer
The electroanalytical performance of the immunosensor was
evaluated using SWV in the presence of different concentrations

of p-Tau181. As shown in Fig. 6A, an increase in the concentration
of p-Tau181 leads to a decrease in current. Fig. 6B shows the cali-
bration curve (current versus log[p-Tau181]) with a linear range
starting at 8.6 to 1100 pg/mL. These tests were performed in buffer
and yielded the following regression equation and correlation coef-
ficient: I = -0.918(log[p-Tau181]) + 5.0871 and 0.9904. In this case,
the detection limit was 0.24 pg/mL. The analytical performance of
the electrode was evaluated in parallel with the nanocomposite
modified C-SPE without nanoparticles (MWCNTs-PAH) and with
the dendritic PtNP modified electrode (MWCNTs-PAH/dPt).

The electrode modified with the nanocomposite containing the
dendritic nanoparticles showed a lower slope, I = -0.255(log[p-Ta
ul81]) + 5.776. The slope of the calibration curve decreased by
74% compared to the biosensor modified with the spherical NP.
Moreover, when the C-SPE is modified with MWCNTs/PAH without
nanoparticles, a random behavior was observed. These results indi-
cate that the morphology and the presence of nanoparticles are
crucial for the success of a biosensor.

3.5. Application of immunosensor in the analysis of serum samples

To evaluate the performance of detection of p-Tau181 protein in
serum, assays were performed using the same method as buffer
calibration with different concentrations of p-Taul81 (8.6 to
1100 pg/mL in a 100 and 10-fold diluted FBS. This study, also per-
formed in SWV, showed similar behavior to the calibration in buf-
fer. The peak current decreases with the increase of p-Taul81
concentration. The study, performed at 100-fold dilution, yielded
the following regression equation and correlation coefficient:
I = -0.901(log[p-Tau181]) + 5.103 and 0.996, respectively (Fig-
ure S2). The other assay with 10-fold dilution gave the following
regression equation and correlation coefficient I = -0.507(log[p-Ta
u181]) + 4.404 and 0.982, respectively (Figure S2). Both assays
showed a decrease in terms of slope compared with the assay per-
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Fig. 6. Calibration curve in PBS buffer pH 7.4. (A) SWV measurements and (B) calibration curve logarithm of the concentration of p-Tau181 protein against current (pnA). The

electrochemical readings were performed in 5 mM [Fe(CN)g]> /4~ prepared in KCI 0.1 M at scan rate 25 mVs

formed in buffer, although this decrease was greater for the assay
using 10-fold diluted serum, but both assays maintained a linear
response. Overall, this device showed a controlled response against
p-Tau181 in a complex background such as FBS, indicating the abil-
ity to generate accurate data for serum sample analysis.

3.6. Selectivity study

The interference of other compounds was used to evaluate the
selectivity of the immunosensor using SWV measurements. BSA,
uric acid, hemoglobin, and IgG were selected as interfering sub-
stances corresponding to the normal composition of serum sam-
ples. The concentrations indicated were 4 mg/mL, 0.035 mg/mL,
7.4 mg/mL, and 100 pg/mL, respectively. Each solution was incu-
bated in the sensor layer for 30 minutes, the same time specified
for the standard solutions in the calibration procedure. These com-
pounds were tested in a binary solution (interfering species and p-
Tau181) in 100-fold diluted serum and compared with a solution
containing only the p-Taul81 protein (30 pg/mL). The results
obtained are presented in Fig. 7 and show a greater interference
of uric acid (8%), followed by IgG(7%), hemoglobin (4%), and BSA
(4%).

Overall, the obtained results demonstrate the good selectivity
properties of the sensor layer and confirm the high affinity of the
immunosensor for the p-Tau181 protein in the presence of poten-
tial interfering substances.

3.7. Spiked serum samples analysis

The standard addition method was used to determine Tau pro-
tein in spiked, diluted serum samples with p-Tau181 concentra-
tions of 7.8 pg/mL, 15.6 pg/mL, and 1.0 ng/mL. This was
performed in triplicate. Good agreement was obtained between
the added and detected levels of p-Tau181, with recoveries within
87.0 and 95.0%, respectively (Table 1).

—1

+3.4%
50.00 +1.6%
1.6% 33%
40.00
£ 30.00
]
«<
K]
5 2000
10.00
0.00
p-Taulgl p-Taul8l p-Taul8l p-Tauldl p-Tauldl+
+BSA + Uric Acid +1gG Hemoglobin

Fig. 7. Selectively study by mixed solution method. The interfering species were
BSA, uric acid, IgG and hemoglobin.

Table 1
Results obtained from the recovery assay.
Added amount Found amount Recovered
(pg/mL) (pg/mL) (%)
7.8 74 95.0
15.6 17.6 87.0
1000 909.8 91.0

4. Conclusions

We have successfully developed an ultrasensitive electrochem-
ical immunosensor for a biomarker of Alzheimer’s disease,
p-Taul81 protein, for PoC analysis. The method combines the syn-
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thesis of a composite nanomaterial with multi-walled CNTs modi-
fied with a polymer (PAH) and spherical Pt nanoparticles. In this
work, the composite material with spherical nanoparticles showed
better electrochemical performance than the dendritic counter-
parts or the CNTs without nanoparticles and was therefore used
as a carrier for loading large amounts of antibodies and Pt nanopar-
ticles for signal amplification. The proposed immunosensor pro-
vided excellent performance for the detection of p-Taul81 with
LOD of 0.24 pg/mL in a concentration range of 8.6 pg/mL to
1100 pg/mL. Other devices reported in the literature have lower
detection limits than those presented in this work, but we present
a very simple and sensitive approach. Although the concentration
of the protein p-Taul81 in the blood of healthy individuals is
approximately 8 pg/mL, and higher values are expected in patients
with AD. Thus, the sensitivity of the immunosensor presented in
this work is sufficient to distinguish AD patients from healthy
individuals.

In general, the developed device showed good analytical results
for the detection of the protein p-Taul81. In addition to all the
advantages, this immunosensor is portable and responds quickly,
effectively, and easily to perform. Therefore, this device can con-
tribute to PoC diagnoses to characterize and complement the AD
diagnoses.
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