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Abstract: Herein, electrochemical tau protein immuno-
sensor based on manganese sulfide nanoparticles/gra-
phene oxide/polyaniline (MnS/GO/PANI) and magnetite-
incorporated gold nanoparticles (AuNPs@Fe3O4) was
constructed. After the modification of the glassy carbon
electrode (GCE) with MnS/GO/PANI, the immobilization
and conjugation of anti-Tau capture antibody and antigen
Tau protein were successfully completed on MnS/GO/

PANI/GCE, respectively. Then, the conjugation of anti-
Tau secondary antibody was carried out to AuNPs@Fe3O4

as signal amplification via amino-gold affinity and the
eventual immunosensor was accomplished by the distinc-
tive interactions of electrode platform and signal amplifi-
cation. Final immunosensor demonstrated the quantifica-
tion limit (LOQ) of 1.0×10� 13 M and the detection limit
(LOD) of 1.0×10� 14 M.
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1 Introduction

Alzheimer’s disease is a neurological disorder that has no
effective treatment or early prevention, and it has a
detrimental effect on people‘s daily lives [1]. Neuro-
physiological tests are commonly used in disease diag-
nosis, and they are primarily based on detecting clinical
symptoms that appear only after permanent brain damage
has occurred [2]. Despite recent advances in neuroimag-
ing techniques, there is still a pivotal need for effective
and rapid diagnostic kits that can be used for disease early
diagnosis [3].

According to current studies, one of the main bio-
markers that can be used in the effective diagnosis of
Alzheimer’s disease is the tau protein, which is generally
found in the cerebrospinal fluid and ensures the dynamism
and stability of the neural system by binding the neuronal
microtubules [4,5]. Some neuropsychological tests and
neuroimaging techniques can be employed to examine
biomarkers in cerebrospinal fluid quantitatively [6]. How-
ever, these techniques have many disadvantages such as
high cost, not being available in all health care centers, time-
consuming, and being performed with invasive methods, so
their widespread use is limited [6]. However, rather than the
diagnostic methods that can be performed using cerebrospi-
nal fluid, blood plasma can be considered a suitable medium
for the detection of these biomarkers [7]. Even so, since the
concentration of biomarkers in blood plasma can be 100
times lower than in cerebrospinal fluid, it can be emphasized
that it’s imperative to adopt a precise and reliable diagnostic
procedure [8].

Currently, some conventional techniques such as
enzyme-linked immunosorbent assay, infrared spectro-
scopy, superconducting quantum interference device,

mass spectrometry, surface plasmon resonance, etc. have
been employed to detect tau protein [9–11]. These
procedures, on the other hand, are sometimes difficult to
apply, expensive, time-consuming, or have low sensitivity.
Therefore, it is crucial for developing alternative cost- and
time-effective methods to monitor tau proteins with high
sensitivity even at low concentrations [11]. In this regard,
electrochemical sensors have been considered as one of
the most viable options in sensitive monitoring bio-
markers to diagnose special diseases. Specifically, thanks
to their swift response time and ease of scalability, the
utilization of electrochemical immunosensors is a favor-
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able solution [12–14]. Their electroanalytical performance
can be remarkably boosted by tuning the surface of the
electrode. The electrode modification with nanomaterials
is one of the viable modification approaches to enhance
the electrochemical activity of the sensor [15–17].

In recent years, among the various types of nano-
materials, transition metal sulfides have started to attract
much attention for electrochemical applications owing to
better electric conductivity in comparison with oxides
[18,19]. The metal sulfides such as Ni2S, and MoS2 have
been utilized for electrode materials. Among these metal
sulfides, MnS is an additional electrode material owing to its
easy availability and abundance [20]. Especially, different
forms such as monodispersed hollow nanosphere and
tetrapod nanorod crystals are used for the free aqueous
procedure. MnS nanocrystals are used as electrochemical
electrodes and supercapacitor materials owing to their high
conductivity. To increase specific electrode surface area and
electrochemical conductivity, the complex formation be-
tween graphene oxide and MnS crystal is a significant
experimental process. In addition, some new hierarchical
structures can provide synergistic interactions between the
nanostructures [21]. Especially, 2D graphene materials can
be used as a platform in the preparation of nanocomposite
materials, indicating a more efficient electrolyte/electrode
interface [22]. For instance, the prepared α-MnS/rGO/α-
Fe2O3/rGO material was utilized in supercapacitors due to
the wider electrochemical potential window (+1.6 V) in
presence of KOH electrolyte with a capacitance of
161.7 Fg� 1 at a current density of 1.0 Ag� 1 [23]. In another
study, �-MnS/reduced graphene oxide nanocomposite was
applied to one-pot aqueous technique with a capacitance of
547.6 Fg� 1 at a current density of 1.0 Ag� 1, indicating
superior electrochemical stability and reversibility [24].

Some conducting polymers such as polyaniline (PANI)
and polythiophene can be used in electrochemical
applications including energy storage owing to π-conju-
gated polymer chains [25]. When the electrochemical
oxidation process occurs, the charge density can move
towards the polymer sheet, enabling easy electron transfer
on the electrode surface. In addition, the dopping process
can suggest prominent electrochemical capacitance. Espe-
cially, PANI plays an important role in energy storage
[25] and microwave absorbance [26] owing to their
electrical conductivity and simple procedure capacity [27].
The combination of PANI with various nanomaterials
such as carbon-based materials provides important devel-
opment for electrochemical applications due to the
improved conductivity, stability, and surface area [27,28].
Especially, the interaction of graphene materials with
PANI shows extraordinary improvement in sensor/bio-
sensor applications. In addition, GO can be utilized as the
conductive substrate and join to MnS crystal and PANI
efficiently, providing easy electron transfer.

Sensors/Biosensors have an important feature to
decrease the analysis time between sample uptake and the
obtained results when these devices can be combined with
nanostructured materials. Nanomaterials have been uti-

lized in sensor/biosensor development, microelectronic
device production, and catalysis [29,30]. Currently, the
core@shell-based nanoparticles have started significant
attention [31]. The production methods of these core-shell
type magnetic nanoparticles were given in literature such
as hydrothermal technique [32], co-precipitation [33] and
thermal decomposition [34]. Various core-shell type
magnetic nanoparticles were presented such as core Fe3O4

and shell gold [35–37]. Especially, AuNPs@Fe3O4 has
significant advantages such as chemical stability [38], and
superior optical, magnetic, and sensor properties [39].
Thus, AuNPs@Fe3O4 composite has important applica-
tions such as electrochemistry [40], immunosensor prepa-
ration [41], and biomolecule separation [38].

Herein, as per the authors’ knowledge of the liter-
ature, this work is the first that reported an electro-
chemical tau protein immunosensor based on MnS/GO/
PANI and magnetite-incorporated gold nanoparticles.
The engineered electrochemical tau protein immunosen-
sor showed some important benefits including superior
selectivity, besides outstanding sensitivity, usability,
health, and environmental compatibility. Thus, it was
highlighted that selective and sensitive electrochemical
tau protein immunosensor offered a new approach in
terms of Alzheimer’s disease diagnosis.

2 Experimental Section

2.1 Materials and Reagents

Antigen Tau, anti-Tau capture antibody (anti-Tau-Ab1),
anti-Tau secondary antibody (anti-Tau-Ab2), amyloid-
beta (Aβ), α-fetoprotein (AFP), bovine serum albumin
(BSA), manganese nitrate (Mn(NO3)2), sodium sulfide
(Na2S), graphite, sodium nitrate (NaNO3), potassium
permanganate (KMnO4), sulphuric acid (H2SO4), aniline
(C6H5NH2), ammonium persulphate ((NH4)2S2O8), ferrous
chloride (FeCl2.4H2O), ferric chloride (FeCl3.6H2O),
ethylene glycol (EG), ammonium hydroxide (NH4OH),
sodium citrate (Na3C6H5O7) and hydrogen tetrachloroau-
rate (HAuCl4.3H2O) were acquired from Sigma-Aldrich.
Moreover, the 0.1 M phosphate-buffered saline (PBS)
solution (pH=7.0) was employed as both supporting
electrolyte and dilution buffer solution.

2.2 Instrumentation

ZEISS EVO 50 SEM and JEOL 2100 TEM were used to
examine the surface morphologies of materials. The
Rigaku X-ray diffractometer with Cu� Kα radiation (λ=

0.154 nm) was employed to acquire x-ray diffraction
(XRD) spectra of the nanomaterials. Furthermore, for the
evaluation of the electrochemical behavior of the engi-
neered electrodes, Gamry Reference 600 work-station
(Gamry, USA) was implemented to conduct cyclic
voltammetry (CV), and the electrochemical impedance
spectroscopy (EIS), and differential pulse voltammetry
(DPV) analysis.
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2.3 Fabrication Route of MnS, GO, MnS/GO, and
MnS/GO/PANI

The addition of Mn(NO3)2 (25.0 mM, 20.0 mL) into Na2S
(1.0 M, 25.0 mL) solution was slowly completed at 25 °C
during 60 min. The brown precipitate was centrifugated at
10000 rpm to be separated. Afterward, the obtained
product MnS was rinsed with ethanol two times.

GO preparation was carried out according to our
previous study in the light of the modified Hummers’
method (see Supplementary Data file for detailed in-
formation) [42].

Mn(NO3)2 (10.0 mM, 10.0 mL) solution was prepared
in ultra-pure water. Then, Na2S (2.0 M, 10.0 mL) was
added slowly at 25 °C for 60 min. After the addition of the
prepared GO (150.0 mg) into the above solution, the
brown precipitate (MnS/GO) was washed with ultra-pure
water and ethanol two times.

The prepared MnS/GO (150.0 mg) was mixed with
aniline (2.0 g). Then, (NH4)2S2O8 (75.0 mL) was added
slowly into the mixture of MnS/GO:aniline. After homo-
geneous mixing, the dispersion was washed with the
mixture of methanol:ultra-pure water at � 5 °C for 4 h.
During the preparation of the nanocomposite, the growth
of MnS on the GO sheet occurred and during the
preparation of the ternary nanocomposite, PANI deco-
rated into the binary precursors (MnS/GO/PANI).

2.4 MnS/GO/PANI Modified GCE
(MnS/GO/PANI/GCE) as an Electrochemical Sensor
Platform with Anti-Tau-Ab1 and Antigen Tau
Immobilizations

GCE was prepared for the forthcoming use according to
the previously reported cleaning procedure (see Supple-
mentary Data file for detailed information) [43]. 20.0 μL
of MnS/GO/PANI dispersion (0.2 mg.mL� 1) was gently
pipetted onto the cleaned GCE surface, followed by
drying via infrared heat lamp over 30 min, thereby
resulting in MnS/GO/PANI modified GCEs (MnS/GO/
PANI/GCE). Finally, MnS and MnS/GO modified GCEs
(MnS/GCE and MnS/GO/GCE) were prepared by the
same protocol. After preparation of anti-Tau-Ab1

(25.0 μL, 1.0×10� 6 M), the anti-Tau-Ab1 solution was
dropped on MnS/GO/PANI/GCE, providing anti-Tau-
Ab1/MnS/GO/PANI/GCE via stable electrostatic/ionic
interactions at 37.0 °C over the period of 20 min. After-
ward, BSA (2.0% w/v) interacted with anti-Tau-Ab1/
MnS/GO/PANI/GCE at the same temperature and the
period to remove the non-specific interactions (BSA/anti-
Tau-Ab1/MnS/GO/PANI/GCE). After the incubation of
antigen Tau proteins having a different concentration on
BSA/anti-Tau-Ab1/MnS/GO/PANI/GCE, the final elec-
trode (Tau/BSA/anti-Tau-Ab1/MnS/GO/PANI/GCE)
was washed to remove non-contacting proteins with 0.1 M
PBS solution.

2.5 Synthesis of Fe3O4NPs, AuNPs, and AuNPs@Fe3O4

Composite as Signal Amplification and Anti-Tau-Ab2
Conjugation

Synthesis of Fe3O4NPs was performed by using the co-
precipitation technique [44]. The mixture of FeCl2 ·4H2O
(25.0 mg) and FeCl3 ·6H2O (35.0 mg) was transferred into
the solution of EG:ultra-pure water and stirred at 70 °C.
Then, NH4OH (10%) was slowly added into the below
solution up to pH 10. After washing the dispersion with
ultra-pure water two times, the product Fe3O4NPs was
stored at 25 °C.

After the preparation of HAuCl4.3H2O (20.0 mL,
25.0 mgmL� 1) and EG (20.0 mL) mixture, the dispersion
was added to Fe3O4NPs and stirred for 5 min at 90 °C.
Then, sodium citrate (7.0 mL, 0.5%) was transported to
Au3+/Fe3O4 solution and stirred for 30 min. The obtained
AuNPs@Fe3O4 composite was preserved at 25 °C. Finally,
AuNPs was obtained by the same experimental procedure
in our previous study [45].

Following the making ready of anti-Tau-Ab2 (25.0 μL,
1.0×10� 6 M), the anti-Tau-Ab2 solution interacted with
AuNPs@Fe3O4 composite as a result of strong amino-gold
affinity between anti-Tau-Ab2 and AuNPs@Fe3O4

composite[46] and the resultant anti-Tau-Ab2/
AuNPs@Fe3O4 was retained in PBS (0.1 M, pH=7.0).

2.6 Evaluation of the Electrochemical Features of the
Electrochemical Immunosensor

The eventual electrochemical Tau immunosensor was
formed by the interaction of Tau/BSA/anti-Tau-Ab1/MnS/
GO/PANI/GCE with anti-Tau-Ab2/AuNPs@Fe3O4 via
specific antibody-antigen interactions. This interaction
was provided by the incubation of 25.0 μL anti-Tau-Ab2/
AuNPs@Fe3O4 (20.0 mgmL� 1) on Tau/BSA/anti-Tau-Ab1/
MnS/GO/PANI/GCE at immune reaction period of
25 min. Following that, the final Tau immunosensor
(GCE/PANI/GO/MnS/anti-Tau-Ab1/BSA/Tau/anti-
Tau-Ab2/AuNPs@Fe3O4) was preserved in pH 7.0, 0.1 M
PBS (3.0 mL). The reference electrode was an Ag/AgCl/
KCl(sat) and the counter electrode was a Pt wire. To
monitor electrochemical signals, H2O2 as a redox probe
was utilized via its conversion into O2 at about +0.15 V
[47,48]. Before the voltammetric experiments, to elimi-
nate the dissolved O2 molecules, the high purity Ar gas
was passed through the solution over 20 min. The
schematic illustration of the fabrication approach of the
electrochemical Tau immunosensor based on the electro-
chemical reaction mechanism of H2O2

$O2+2H+ +2e�

was depicted in Scheme 1.

2.7 Samples Preparation Process

The general procedure for the preparation of the samples
was provided in detail in Supplementary Data [49].
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3 Results and Discussion

3.1 Morphological and Structural Characterizations of
MnS/GO/PANI Electrode Platform

Firstly, the morphological features of MnS, MnS/GO, and
MnS/GO/PANI nanocomposite were investigated by scan-
ning electron microscopy (SEM) measurements. According
to the growth mechanism, after the ionization of hydrogen
sulfide into S2� ions, S2� ions directly reacted with Mn2+ ions
resulting in the formation of MnS nanoparticles by
nucleation process (Figure 1A) [50]. Figure 1B indicated the
layered graphene oxide (GO), suggesting homogeneous
graphene film including MnS nanoparticles. According to
Figure 1B, MnS nanoparticles’ regular growth on the GO
surface with the amphiphilic macromolecules was observed.
This growth was generated on � COOH groups of GO
surface. MnS nanoparticles’ surface defects and � COOH
groups of GO provided the formation of MnS/GO. In
addition, � COOH and � C=O� groups of GO served as a
support material in MnS nanoparticles structure. SEM
image on Figure 1C demonstrated MnS/GO/PANI compo-

site having granular morphology. Due to the interaction
between PANI chains and MnS nanoparticles via � NH
group, PANI was covalently incorporated into MnS/GO
nanocomposites. Then, the cationic PANI was decorated to
the anionic GO sheets by electrostatic forces [51]. The
incorporation of PANI into MnS/GO nanocomposites
provided a ridge-like structure between MnS nanoparticles
and GO. This ridge-like structure provides the enhancement
of the electron transfer rate on the electrode surface. Hence,
the efficient interfacial interaction in nanocomposite struc-
ture offered good electrochemical activity in biosensor
applications.

Transmission electron microscopy (TEM) character-
izations were performed for the detailed morphological
investigation of MnS, MnS/GO and MnS/GO/PANI nano-
composite (Figure S1). Figure S1A showed MnS nano-
particles with average particle diameters of 20–25 nm.
Figure S1B demonstrated a TEM image of MnS/GO,
confirming MnS nanoparticles’ formation on GO with
0.24 nm lattice fringes attributing to (200). According to
the TEM image of MnS/GO/PANI (Figure S1C), the high

Scheme 1. Schematic representation of the fabrication of electrochemical Tau immunosensor.
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stability of GO including MnS nanoparticles and PANI
was observed. Hence, efficient electrostatic interaction
between MnS nanoparticles and GO and a covalent
interaction between GO and PANI provided MnS/GO/
PANI nanocomposite having high stability. Especially,
the electrostatic and π-π* interactions were nanocompo-
site formation principles during the ternary preparation
containing conducting polymers. In addition, there were
many active sites in MnS/GO as a suitable platform for
nucleation reaction during PANI formation. Before
polymerization, the functional groups such as � COOH
and � OH electrostatically interacted with aniline mole-
cules and these aniline molecules started to polymerize on
MnS/GO surface [52,53].

Figure S2 demonstrated the obtained Raman spectra for
the structural investigations of MnS nanoparticles, MnS/GO
and MnS/GO/PANI nanocomposite. Raman bands at 1127,
1333, and 1585 cm� 1 corresponded to � C� H, � C� N� and
� C=C� stretching vibrations, respectively on MnS/GO/
PANI spectrum. In the Raman spectrum of MnS/GO, two
bands at 1599 and 1364 cm� 1 were attributed to D and G
bands resulting from sp2 carbon. D band was related to the
aromatic ring’s breathing mode due to MnS/GO’s deformity
and the G band was corresponded to sp2 carbon’s bond
extending. In addition, PANI incorporation into MnS/GO
resulted in the suppression of D and G bands [54]. Finally,
the blue shift on D and G bands of MnS/GO/PANI
nanocomposite (from 1585 to 1599 cm� 1) confirmed strong
interaction and electron transfer between PANI and MnS/
GO and π-π* interactions between nitrogen electron pairs of
PANI and benzene ring of GO formed MnS/GO/PANI
nanocomposite.

According to XRD patterns (Figure S3A), the related
XRD peaks at 2θ=25.31, 28.11, and 28.83° corresponded
to (100), (002), and (101) planes, respectively, for MnS.
2Θ=35.81° and 2Θ=44.03° attributing to (200) and (220)
crystal planes indicating α-MnS and �-MnS forms, respec-
tively. Thus, these XRD peaks verified the coexistence of
α- and �- phases together in the MnS crystal structure
[55]. Two obvious XRD peaks at 2Θ=19.81° and 2Θ=

24.91° were also attributed to (020) and (200) crystal

planes, respectively, for MnS/GO/PANI nanocomposite.
In addition, the change in peak intensity and location on
the XRD spectrum of MnS/GO/PANI nanocomposite
was owing to the migration of the ions in the lattice of
MnS [56] and electron charge density intensity from GO
to MnS nanoparticle [57].

Fourier transform infrared spectroscopy (FTIR) spec-
tra (Figure S3B) were obtained to verify the presence of
MnS nanoparticles, MnS/GO, and MnS/GO/PANI nano-
composite. Firstly, a broad absorption band at about
3400–3500 cm� 1 was observed on all spectrums, showing
the presence of the � OH group. In addition, the
absorption bands at 1025 and 1120 cm� 1 in MnS corre-
sponded to Mn� S bond vibrations and the stretching
vibration at about 770 cm� 1 in MnS was attributed to the
Mn� O bond vibrations. The stretching vibrations in GO
at 1610, 1090, and 1715 cm� 1 were related to the � C=C�
bond, � C� O� , and � C=O� , respectively. The absorption
bands between 2750 and 3000 cm� 1 confirmed the pres-
ence of � C� H bonds. For MnS/GO/PANI nanocomposite,
� C=C� bond stretching vibrations were observed at 1570
and 1502 cm� 1 [58,59]. Aromatic bending vibration at
1150 cm� 1 was attributed to � C� H. In addition, the
absorption bands at 1242 and 1309 cm� 1 corresponded to
polaronic � C� N+ and � C� N groups, respectively [60].
Thus, it was concluded that the successful synthesis of
MnS/GO/PANI nanocomposite was completed in the
present study.

UV-Vis spectra (Figure S4A) of MnS, MnS/GO, and
MnS/GO/PANI were obtained for optical investigations.
UV-Vis spectrum of MnS showed that there was an
absorption band between 300 and 360 nm. For the UV-
Vis spectrum of GO dispersion, the obvious absorption
band at 280 nm was corresponded to π-π* transition of
� C=C� and the absorption band at 330 nm was attributed
to the n-π* transition. Due to interfacial interaction
between GO and PANI, there were absorption shifts on
UV-Vis spectra of MnS/GO and MnS/GO/PANI. For
PANI, a broad peak at 570 nm was attributed to the
quinonoid excitation.

Fig. 1. SEM images of (A) MnS nanoparticles, (B) MnS/GO, (C) MnS/GO/PANI.
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Thermogravimetric characterization of MnS/GO/
PANI nanocomposite was performed in a nitrogen
atmosphere (Figure S4B). Due to the decomposition of
hydroxides, a weight loss of about 100 °C occurred. The
decomposition of GO’s functional groups based on oxy-
gen started at 155 °C and an important weight loss at
390 °C was generated. The oxygen groups’ decomposition
occurred between 260 and 570 °C. After that, PANI’s
decomposition started at 210 °C, and GO/PANI showed
better thermal stability in comparison with pristine GO or
PANI. Hence, PANI grew regularly on GO sheets [61].

Pore sizes and the surface areas of MnS/GO/PANI,
MnS/GO and MnS were performed by Brunauer-Em-
mett-Teller analysis (Figure S5). Figure S5A, B, and C
demonstrated N2 adsorption-desorption isotherms of
MnS/GO/PANI, MnS/GO, and MnS with a surface area
of 86.3, 40.93, 4.87 m2g� 1, respectively. Owing to PANI
incorporation into nanocomposite, the highest surface
area was provided for MnS/GO/PANI. The average pore
sizes (Figure S5D, E, and F) of MnS/GO/PANI, MnS, and
MnS/GO were calculated as 2.94, 3.37, and 4.63 nm,
respectively. Due to MnS/GO/PANI having less pore size
in comparison with MnS and MnS/GO, polyaniline grew
from the pores of the mesopore MnS/GO nanocomposite.
Thus, the interfacial interaction in nanostructures pro-

vided the easy electrolyte transportation, indicating the
improvement of electrochemical performances [62].

3.2 Characterizations of Fe3O4NPs, AuNPs, and
AuNPs@Fe3O4 Composite Signal Amplification

The preparation technique of AuNPs@Fe3O4 composite
had pristine metal nanoparticles-Fe3O4 without any linker,
providing the minimal distance between AuNPs and
Fe3O4 and optimum combination effect. In this technique,
EG providing magnetite with hydroxyl groups could
facilitate Au3+’s chelation (Au3+/Fe3O4) and Na3C6H5O7

as reducing and capping agent could slowly reduce Au3+

ions into AuNPs while Fe3+ /2+ ion pair was not reduced in
presence of EG. Thus, the preparation of AuNPs@Fe3O4

composite in situ without any linker was successfully
completed [63]. According to Figure 2A, the brighter
AuNPs was covered by smaller Fe3O4NPs. TEM image
(Figure 2B) of AuNPs@Fe3O4 composite demonstrated
that spherical AuNPs with a diameter of 68–75 nm was
covered with Fe3O4NPs. TEM image (Figure 2C) of
Fe3O4NPs indicated Fe3O4NP a diameter of 10–15 nm.
Thus, the successful preparation of AuNPs@Fe3O4 com-
posite without any separation was completed as signal
amplification in this study. Moreover, the EDX graph

Fig. 2. (A) SEM and (B) TEM image of AuNPs@Fe3O4 composite, (C) TEM image of Fe3O4NPs, (D) EDX image of AuNPs@Fe3O4

composite.
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(Figure 2D) confirmed SEM and TEM images by appear-
ing Au and Fe elements.

XRD analysis (Figure S6A) showed XRD patterns of
Fe3O4NPs and AuNPs@Fe3O4 composite. XRD peaks at
30.21°, 35.89°, 43.13°, 57.18°, and 63.08° were corre-
sponded to (220), (311), (400), (511), and (440) planes
suggesting Fe3O4NPs’ cubic inverse structure [64]. At the
same time, 38.11°, 44.69°, 65.18°, and 78.11° were
attributed to (111), (200), (220), and (311) planes,
indicating the cubic AuNPs [65]. Thus, the successful
preparation of AuNPs@Fe3O4 composite without any
change in the magnetite phase was carried out. Fig-
ure S6B showed FTIR spectra of Fe3O4NPs, AuNPs, and
AuNPs@Fe3O4 composite. For the FTIR spectrum of
Fe3O4NPs, a broad absorption band at 3378 cm� 1 and two
absorption bands at 2908 and 2920 cm� 1 corresponded to
� O� H and � C� H groups’ vibrations resulting from EG,
respectively. Two peaks at 1391 and 571 cm� 1 corre-
sponded to Fe� O vibrations. For the FTIR spectrum of
AuNPs, C=O and � C� H vibrations belonging to sodium
citrate at 1728 cm� 1 and 2905–2920 cm� 1 were observed.
For the FTIR spectrum of AuNPs@Fe3O4 nanocomposite,
all absorption bands including in FTIR spectra of
Fe3O4NPs and AuNPs were observed, indicating the
successful synthesis of the nanocomposite.

3.3 Evaluation of the Electrochemical Characteristics of
the Sensor Platform and Signal Amplification

CV and EIS techniques were conducted to examine the
electrochemical characteristics of the as-prepared sensor
platform in the presence of 1.0 mM [Fe(CN)6]

3� /4� .
Primarily, the anodic and the cathodic peaks were
observed for bare GCE at around +0.6 V, and +0.4 V,
respectively (curve a of Figure 3A). Meanwhile, for the
utilization of MnS/GCE (curve b of Figure 3A), the
almost same electrochemical activity was observed due to

the aggregation of MnS nanoparticles causing poor
electrochemical activity [66]. However, when the pre-
pared MnS/GO/GCE (curve c of Figure 3A) and MnS/
GO/PANI/GCE (curve d of Figure 3A) were subjected to
1.0 mM [Fe(CN)6]

3� /4� , the improved electrochemical
activity was observed owing to the high conductive matrix
and the no aggregation of nanoparticles [67]. In addition,
PANI’s electrical conductivity and redox conduct pro-
vided increased sensor signals [55]. The predicted
decreases in anodic and cathodic signals were produced
by the blocking effect of the anti-Tau capture antibody
(anti-Tau-Ab1) (curve e of Figure 3A). Additionally, the
immobilizations of BSA (curve f of Figure 3A) and
antigen Tau (curve g of Figure 3A) on anti-Tau-Ab1/MnS/
GO/PANI/GCE, respectively, resulted in more electron
transfer blocking impact. Hence, the immobilizations of
BSA and antigen Tau were effectively achieved, as shown
by curves f and g in Figure 3A. Finally, the last
immunosensor showed considerable declines in anodic
and cathodic signals (curve h of Figure 3A). EIS measure-
ments were gradually carried out to validate CV results
(Figure 3B). The charge transfer resistances were com-
puted to be 160 ohm for bare GCE (curve a), 150 ohm for
MnS/GCE (curve b), 100 ohm for MnS/GO/GCE (curve
c), 80 ohm for MnS/GO/PANI/GCE (curve d), 110 ohm
for anti-Tau-Ab1/MnS/GO/PANI/GCE (curve e),
120 ohm for BSA/anti-Tau-Ab1/MnS/GO/PANI/GCE
(curve f), 130 ohm for Tau/BSA/anti-Tau-Ab1/MnS/GO/
PANI/GCE (curve g) and 140 ohm for the final immuno-
sensor (curve h). As a consequence, we highlighted the
fact that CV and EIS findings were in harmony. Finally,
two electrochemical Tau immunosensors containing 1.0×
10� 10 M antigen Tau were constructed utilizing distinct
signal amplification for the electrochemical assessment of
the established signal amplification (Figure 3C). At the
25-minute immune reaction duration, anti-Tau-Ab2-Fe3O4

(curve b of Figure 3C) and anti-Tau-Ab2-AuNPs@Fe3O4

Fig. 3. (A) Cyclic voltammograms, (B) EIS reponses at (a) bare GCE, (b) MnS/GCE, (c) MnS/GO/GCE, (d) MnS/GO/PANI/GCE, (e)
anti-Tau-Ab1/MnS/GO/PANI/GCE, (f) BSA/anti-Tau-Ab1/MnS/GO/PANI/GCE, (g) Tau/BSA/anti-Tau-Ab1/MnS/GO/PANI/GCE,
(h) the final immunosensor including anti-Tau-Ab1, antigen Tau and anti-Tau-Ab2 (scan rate of 100 mVs� 1) in 1.0 mM [Fe(CN)6]

3�

containing 0.1 M KCl and (C) DPV responses of the developed immunosensors incubated with 1.0×10� 10 M antigen Tau using anti-
Tau-Ab2-Fe3O4 (curve b) and anti-Tau-Ab2-AuNPs@Fe3O4 (curve c) in absence of H2O2 (curve a) and in presence of 1.0 mM H2O2.
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(curve c of Figure 3C) were utilized as signal amplifica-
tions. Differential pulse voltammetry signals were re-
corded in presence of 1.0 mM H2O2. As can be seen from
Figure 3C, the highest electrochemical immunosensor
signals were obtained by anti-Tau-Ab2-AuNPs@Fe3O4 in
comparison with anti-Tau-Ab2-Fe3O4 due to the synergis-
tic effect between AuNPs and Fe3O4 [68], great catalytic
properties and large surface area [69].

3.4 Optimization for Electrochemical Measurements

Detailed optimization studies were investigated in terms
of the effect of pH, immune reaction period, hydrogen
peroxide, and anti-Tau-Ab2-AuNPs@Fe3O4 solution con-
centration (Figure S7).

3.5 Linearity Range

The acquired calibration equation (y (μA)= � 1.4476x
(-logCTau, M)+19.902, R2 =0.9984) by escalating the
concentration of Tau and differential pulse signals were

depicted in Figure 4. The quantification limit (LOQ) and
LOD were found to be 1.0×10� 13 M and 1.0×10� 14 M,
respectively. Table 1 illustrated the several characteristics
of the constructed electrochemical Tau immunosensor
compared to existing Tau analysis methods, such as
sensitivity and linearity. It was found that the sensitive
electrochemical Tau detection was implemented effi-
ciently in contrast to the other approaches, allowing for
the early identification of Alzheimer’s disease. In addi-
tion, the presented preparation processes of
AuNPs@Fe3O4 and MnS/GO/PANI composites during
immunosensor fabrication was particularly time-saving
and magnetite nanoparticles synthesis was specially
performed by the co-precipitation method. The linker-
free between AuNPs and Fe3O4 also provided faster
electron transfer and a synergistic effect. The simple and
eco-friendly chemicals were also utilized in this prepara-
tion method. Lastly, tiny Fe3O4 nanoparticles (about 10–
15 nm) were obtained, indicating the higher specific sur-
face area and electrochemical activity. Lastly, this devel-
oped immunosensor for Tau detection offered an environ-
mentally friendly approach in terms of Alzheimer’s
disease diagnosis.

3.6 Selectivity, Stability, and Reproducibility of the
Prepared Electrochemical Tau Immunosensor

To demonstrate the superior selectivity of electrochemical
immunosensors, four electrochemical Tau immunosensors
were developed. Because of this, the developed four electro-
chemical Tau immunosensors were applied to the prepared
protein solutions such as (i) 1.0×10� 3 M Aβ+1.0×10� 3 M
AFP+1.0×10� 3 M BSA, (ii) 1.0×10� 6 M Tau+1.0×10� 3 M
Aβ, (iii) 1.0×10� 6 M Tau +1.0×10� 3 M AFP, (iv) 1.0×
10� 6 M Tau +1.0×10� 3 M BSA in presence of 1.0 mM H2O2

solution. Figure 5A verified that the other proteins (Aβ,
AFP, and BSA) did not affect the high selective electro-
chemical performance for Tau detection. Furthermore, the
great stability of the electrochemical immunosensor was
demonstrated by the acquisition of DPV signals (Figure 5B)
during a 7-week period. As per Figure 5B, the acquired
current signal at the end of the 7th week was about 99.08%
at the end of the first week. These findings suggest the

Fig. 4. Concentration effect (from 1.0×10� 6 to 1.0×10� 13 M anti-
gen Tau) on immunosensor signals, Inset: Calibration curve for
electrochemical Tau immunosensor.

Table 1. The comparing of some performance metrics for as-fabricated electrochemical Tau immunosensor with other reported approaches.

Material/Method Linear Range (M) LOD (M) Ref.

CuInS2/ZnS 1.0×10� 11–2.0×10� 7 9.3×10� 12 [70]
MWCNTs 1.0×10� 9–25.0×10� 9 2.0×10� 9 [71]
EIS 1.0×10� 14–1.0×10� 8 3.0×10� 14 [72]
Field-effect transistors 1.0×10� 12–1.0×10� 8 1.0×10� 12 [73]
Surface plasmon resonance 1.0×10� 12–1.0×10� 9 1.0×10� 12 [74]
Photoelectrochemical 1.0×10� 13–1.0×10� 10 1.6×10� 14 [75]
Optical aptasensor 2.0×10� 9–6.4×10� 8 6.7×10� 9 [76]
EIS 2.0×10� 7–1.0×10� 6 2.0×10� 7 [77]
Mass Spectrometry 1.0×10� 9–5.0×10� 8 5.0×10� 10 [78]
UHPLC/ESI/MS/MS 1.0×10� 5–1.0×10� 4 1.0×10� 5 [79]
Sandwich type immunosensor 1.0×10� 13–1.0×10� 6 1.0×10� 14 This study
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constructed electrochemical Tau immunosensor‘s excellent
durability. Finally, twenty different electrochemical Tau
immunosensors were constructed following the technique in
sections 2.4, 2.5, and 2.6 for reproducibility assessment. The
relative standard deviation of the measured current signals
was determined to be 0.61, demonstrating the high depend-
ability of the immunosensor construction procedure.

4 Conclusions

Analysis of Tau protein as a biomarker of Alzheimer’s
disease is significant for pathological diagnosis. In the
present work, a simple, selective, sensitive, and cheap
electrochemical immunosensor was prepared on a glassy
carbon electrode via manganese sulfide nanoparticles/
graphene oxide/polyaniline sheet to immobilize a specific
anti-Tau capture antibody for antigen Tau recognition.
The immunosensor showed a highly sensitive detection of
antigen Tau with wide linearity (from 1.0×10� 13 to 1.0×
10� 6 M) and a LOD of 1.0×10� 14 M, demonstrating the
easy utility of the immunosensor in the early detection of
Alzheimer’s disease at the early stage. The immunosensor
indicated a high binding affinity towards antigen Tau in
presence of the other interfering proteins.
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