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Alzheimer’s disease (AD) constitutes a complex pathological process and ranks among the leading causes of
dementia globally. There is an escalating demand for diagnostic tools that are minimally invasive, timely, and
accurate. The total Tau (T-Tau) protein in blood serum has emerged as a promising biomarker for the early
diagnosis of AD. In this study, a magnetic hexagonal boron nitride (MHBN)-based immunosensor platform was
developed to detect T-Tau in artificial blood serum. Following the exfoliation of hexagonal boron nitride (HBN),
magnetite nanoparticles were deposited onto the surface of the HBN nanosheets, followed by (3-Aminopropyl)
triethoxysilane (APTES) modification. The resulting MHBN-APTES nanocomposite-modified screen-printed
carbon electrode acted as a matrix for immobilizing Anti-T-Tau antibodies. The analytical performance of the
MHBN-APTES/Anti-T-Tau immunosensor in the presence of T-Tau isoforms was evaluated using cyclic vol-
tammetry, differential pulse voltammetry, and electrochemical impedance spectroscopy techniques. The linear
detection range was established at 0.5-50 pg/mL, with a limit of detection of 0.39 pg/mL for T-Tau, which is
appropriate for identifying T-Tau in blood serum. The MHBN-APTES/Anti-T-Tau also demonstrated good

repeatability, reproducibility, and stability, making it a dependable option for advanced applications.

1. Introduction

AD is a neurodegenerative disorder that leads to the loss of cognitive
functions and is characterized by the presence of intracellular neurofi-
brillary tangles containing Tau protein [1,2]. T-Tau and phosphorylated
Tau (P-Tau) levels are recognized as valuable biomarkers for the early
detection of AD [3,4]. Cerebrospinal fluid (CSF) is frequently utilized as
a physiological fluid for quantitative analysis of f-amyloid 42, T-Tau, P-
Tau, and other biomarkers [5]. However, its use has several drawbacks,
including invasiveness, time, cost, and limited accessibility in healthcare
settings. While assessing AD biomarkers traditionally relies on CSF,
plasma has been proposed as an optimal biofluid for detecting these
biomarkers due to the absorption of approximately 500 mL of CSF into
the blood daily [6]. Clinical investigations have demonstrated that the
T-Tau protein levels in the blood plasma of individuals with AD are
approximately two to three times higher than those in control subjects

[7]. Nevertheless, the concentrations of the plasma biomarkers are
notably lower, ranging from 10 to 100 times, compared to those in the
CSF. Blood samples present challenges for accurate and reliable deter-
mination of blood-based biomarkers due to the presence of high levels of
interfering substances. Traditional biomarker determination methods
like enzyme-linked immunosorbent test, mass spectrometry, and surface
plasmon resonance are time-consuming, require specialized personnel,
and are costly. They also have complex procedures and limited sensi-
tivity, making distinguishing between patients and healthy individuals
difficult [8,9]. Simultaneously, incorporating multiple biological mole-
cules into the medium escalates operational costs and presents chal-
lenges in maintaining system stability [10]. A precise and early
diagnostic platform is essential for accurately detecting and quantita-
tively analysing blood-based biomarkers in the initial stages of AD.
Label-free electrochemical immunosensors are designed to directly
ascertain the immune complex (antigen-antibody complex) by
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quantifying the physical changes the complex formation brings.
Consequently, these label-free electrochemical immunosensors present
an extensive linear detection range, a low limit of detection (LOD), and
swift measurements at a reduced cost due to their label-free detection
and capacity for quantitative measurement [11]. Modifying electrode
surfaces with diverse nanomaterials has enhanced the electrical con-
ductivity, amplifying the detection sensitivity [12].

Two-dimensional hexagonal boron nitride (HBN), often referred to
as white graphene, has seen a rise in utilization within electrochemical
sensor applications due to its exceptional properties, including high
chemical stability, a substantial specific surface area, a tunable band gap
of approximately 5.5-6.0 eV, and rapid electron transport capability
[13,14]. HBN nanomaterials can serve as effective fillers for producing
high-performance polymer nanocomposites. By employing surface
modifications with inorganic particles, it is possible to alter the surface
characteristics of HBNs, including hydrophobicity, magnetic properties,
and electrical properties. Magnetite nanoparticles (Fe304 NPs, MNPs), a
semimetallic metal oxide with an cubic inverse spinel structure, exhibit
outstanding adsorption capacity, high electrocatalytic properties, and
inherent electrical conductivity [15,16]. The application of Fe304 NPs
onto the electrode surface leads to an increase in electrode surface area,
mass, electron transfer rate, selectivity, sensitivity, and, most
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significantly, an enhanced signal-to-noise ratio [17]. Furthermore,
Fe304-based electrochemical sensors boast notable attributes, including
cost-effectiveness, high sensitivity, and rapid response time [18]. The
exclusive use of FesO4 NPs on the electrode surface is insufficient to
achieve optimal surface area performance due to their natural tendency
to aggregate. Consequently, their combination with nanomaterials such
as graphene oxide and HBN yields a synergistic effect, enhancing their
dispersion across the electrode surface [19].

In the present study, an immunosensor platform based on APTES-
modified MHBN was developed for the detection of T-Tau protein in
artificial blood serum. While graphene-based nanomaterials are
commonly used as recognition surfaces for T-Tau detection [20-23], this
study is the first to develope an MHBN-based recognition surface for this
purpose. Moreover, the use of the APTES created a hydrophilic surface,
enabling the successful immobilization of Anti-T-Tau, facilitated by
amino groups on the surface. The working electrode of screen-printed
carbon electrode (SPCE) was coated with MHBN-APTES nano-
composite using the drop-casting method, followed by the immobiliza-
tion of Anti-T-Tau on the MHBN-APTES nanocomposite-modified SPCE
using carbodiimide chemistry. Characterization of the MHBN-APTES
nanocomposite at each modification stage was conducted using Scan-
ning Electron Microscopy-Energy Dispersion X-ray Spectroscopy (SEM-
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Scheme 1. Preparation steps for the MHBN-APTES/Anti-T-Tau nanocomposite and the electrochemical detection of T-Tau.
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EDS), Attenuated Total Reflection-Fourier Transform Infrared Spec-
troscopy (ATR-FTIR), X-Ray Diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS). The electrochemical characterization of the devel-
oped MHBN-APTES/Anti-Tau immunosensor was evaluated using cyclic
voltammetry (CV), differential pulse voltammetry (DPV), and electro-
chemical impedance spectroscopy (EIS) techniques in the presence of T-
Tau. The study utilized a Tau protein ladder comprising six recombinant
Tau proteins with molecular masses of 36.8, 39.7, 40.0, 42.6, 42.9, and
45.9 kDa, respectively, providing a combined amount of 0.25 pg for each
of its six isoforms. The aim was to evaluate the T-Tau protein by
analyzing the electrochemical current resulting from its interaction with
the MHBN-APTES/Anti-T-Tau biofunctional surface rather than
measuring each isoform separately. The MHBN-APTES/Anti-T-Tau/T-
Tau immunosensor effectively detected T-Tau concentrations present
in the blood serum of healthy individuals and its elevated levels in AD,
demonstrating enhanced analytical performance. Scheme 1 illustrates
the preparation steps for MHBN-APTES/Anti-T-Tau and the electro-
chemical detection of T-Tau.

2. Materials and method
2.1. Chemicals

Tau protein ladder, six isoforms (T7951), and Anti-T-Tau
(SAB5500182) of rabbit monoclonal antibody were both purchased
from Sigma-Aldrich (Germany). Boron nitride nanopowder (HBN)
(790532, average particle size < 150 nm), FeCl3-6H20 (97 %),
FeCly-4H20 (99 %), ammonium hydroxide, 1-Methyl-2-pyrrolidone, (3-
Aminopropyl)triethoxysilane (APTES), urea (99.0-100.5 %), bovine
serum albumin (BSA, >98.0 %), insulin (INS), D-glucose (GLC, >99.5
%), potassium chloride, human serum (H4522), potassium hex-
acyanoferrate (III) (HCF, K3[Fe(CN)¢]) were purchased from Sigma-
Aldrich (Germany).

2.2. Apparatus

The HBN and MHBN-APTES nanocomposites were examined using
XRD (Malvern Panalytical Empyrean, United Kingdom), XPS (Thermo
Scientific K-Alpha, USA), ATR-FTIR (PerkinElmer Spectrum Two for a
range of 4000-600 crn_l, USA), and EDS (Thermo Scientific Apreo S,
USA) techniques. The electrochemical measurements were performed
using a PalmSens4 potentiostat (Palm Instruments Houten, Netherlands)
in conjunction with a SPCE (C11L, 4 mm diameter), an Ag/AgCl refer-
ence electrode, and a carbon auxiliary electrode (Metrohm,
Switzerland). The connection between the SPCE and the potentiostat
was established using a 4 mm banana SPE Connector.

2.3. Synthesis of MHBN

0.5 g of commercial HBN powder were dispersed in 500 mL of 1-
Methyl-2 pyrrolidone and then sonicated at 700 W for 6 h to obtain
HBN nanosheets. After an overnight incubation, the white HBN nano-
sheets deposited on the solution’s surface were precipitated by centri-
fugation at 14.000 rpm. The nanosheets underwent three washes with
ethanol to eliminate the solvent, and the HBN layers were subsequently
dried in an oven at 60 °C overnight [24].

To modify the HBN nanosheets with Fe3O04 NPs (MNPs), 100 mg of
HBN was added to 100 mL of pure water and sonicated for 1 h. Subse-
quently, a 2:1 M ratio of Fe>* to Fe?" salts were added to the HBN so-
lution while being stirred magnetically. The pH of the solution was
adjusted to 8.0 at the onset of the reaction by gradually adding 3 mL of
ammonium hydroxide. The reaction mixture was then magnetically
stirred for 4 h under nitrogen (N3) gas. Following the completion of the
reaction, the synthesized MHBN nanocomposite was washed thrice with
ultrapure water and subsequently dried at 65 °C [25,26].
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2.4. Modification of MHBN nanocomposite with APTES

600 mg of MHBN was dispersed in 600 mL of ethanol and ultrapure
water (5/1 ratio). The pH of the solution was adjusted to 4 using acetic
acid, followed by 20 min of sonication. Subsequently, 4 mL of APTES
was introduced into the solution, and the mixture was mechanically
stirred at room temperature for 4 h. The resulting solution was centri-
fuged at 9000 rpm, and the MHBN-APTES nanocomposite was washed
with ultrapure water and ethanol to eliminate any residual unreacted
APTES. The obtained MHBN-APTES nanocomposite was then dried at
45 °C overnight and subjected to characterization [27].

2.5. Preparation of MHBN-APTES/Anti-T-Tau

The working electrode’s surface underwent coating with MHBN-
APTES nanocomposite utilizing the drop-casting technique. 4 pL of
MHBN-APTES aqueous nanocomposite solution (4 mg/mL) was applied
to the SPCEs’ working electrode and dried for 30 min at room temper-
ature. Before antibody immobilization, all electrodes were washed with
DI water and dried. Following this, Anti-T-Tau immobilization was
achieved using EDC/NHS carbodiimide chemistry on the MHBN-APTES
nanocomposite-modified SPCEs. Stock Anti-T-Tau was prepared in the
presence of 500 mM EDC, 20 mM NHS, and 1:100 Anti-T-Tau (approx-
imately 0.25 pg/mL as a final concentration) in the 10 mM PBS (100 pL)
and incubated at room temperature for 15 min. Then, 5 pL of this
mixture was dropped onto the SPCE surface modified with the MHBN-
APTES nanocomposite and incubated at room temperature for 2 h. As
per the Anti-T-Tau usage datasheet provided by the manufacturer,
diluting the stock Anti-T-Tau solution 100 times in PBS (0.01 M, pH 7.4)
for immunohistochemistry is recommended. Before electrochemical
measurements, all electrodes were washed with distilled water to
remove unbound Anti-T-Tau.

2.6. Electrochemical measurements

All electrochemical measurements were performed using a SPCE
connected to a PalmSens4 instrument (Palm Instruments Houten,
Netherlands) and a computer running PSTrace 5.9 software. CV, DPV,
and EIS measurements were conducted at room temperature (25.0 +
0.5 °C). The CV and DPV measurements were carried out at a scan rate of
50 mV/s within the potential range of —0.4 to +0.8 V. For EIS, the
frequency range was 0.21 x 10~%-100 kHz, with an excitation voltage of
0.18 V and a DC potential of 10 mV. The measurements were performed
in a 10 mM PBS (pH 7.4), containing 5.0 mM of HCF as the redox probe
and 0.1 M KCL

3. Results and discussion
3.1. Characterization of MHBN

The synthesized MHBN and MHBN-APTES nanocomposites were
fully characterized using ATR-FTIR, SEM-EDS, and XPS. The ATR-FTIR
spectrum of HBN (Fig. 1A) reveals a band at 1343 cm ™! correspoding
to the out-of-plane bending vibrations of B—N—B bonds, while the band
at 787 cm™! representing the in-plane vibrations of B—N bonds.[26]
After the modification with Fe304 NPs_ a band in the range of 619-687
cm™! appears,which is attributed to the symmetric stretching vibration
of the Fe—O bond [28,29]. These observations align with existing
literature, confirming the successful modification of HBN with Fe3O4
NPs, Following the modification of the MHBN nanocomposite with
APTES, specific bands corresponding to the APTES are observed at 1100
cm™! and 1017 em %, indicating the presence of Si-O-Si bond vibrations.
Additionally, the absorption band at 3464 cm ™! signifies the existence of
free amine groups within the structure of the APTES [30,31].

The XRD pattern of HBN nanosheets displays seven distinct Bragg
diffraction peaks, located at 20 values of 26.6°, 41.7°, 43.9°, 50.1°,
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Fig. 1. A) ATR-FTIR spectrum of HBN, MHBN and MHBN-APTES nanocomposite, B) XRD patterns of HBN, MNPs, MHBN and MHBN-APTES, EDS spectra of C) HBN,
D) MHBN, E) MHBN-APTES, SEM images (100.000x magnification, scale bar represents 1 um) of F) exfoliated HBN, G) MHBN, H) MHBN-APTES nanocomposite

(inset shows SEM images (250.000x magnification, scale bar represents 500 nm).

54.7°,75.9°, and 82.1° (Fig. S1). These peaks correspond to the (0 0 2),
(100),(101),(102),(004),(110),and (11 2) crystallographic
planes, respectively. Notably, the intensity of the peaks associated with
the 100),(101),(102),(004),(110),and (11 2)planes is
considerably lower than that of the (0 0 2) plane. The detailed diffrac-
tion pattern of MHBN exhibits four additional peaks at 26 values of
35.4°, 43.3°, 56.1°, and 61.8°, which correspond to the (31 1), (4 2 2),
(511),and (4 4 0) planes, respectively [32]. These findings are in strong
alignment with the cubic inverse spinel structure characteristic of
magnetite nanoparticles (XRD pattern of MNPs in Fig. 1B) [33]. The
Fe3O4 NPs that are deposited on the surface of HBN, referred to as
MHBN, display distinct characterization peaks associated with the Fe3O4
lattice. This observation confirms the successful deposition of Feg04 NPs
on the surface of HBN. Furthermore, the MHBN-APTES pattern reveals
peaks similar to those observed in the MHBN pattern, indicating that the
structural integrity of the material remains intact, even following sur-
face modification.

The EDS data for HBN nanosheets, MHBN, and MHBN-APTES
nanocomposites are presented in Fig. 1C-E. The EDS spectrum of the
HBN nanosheets revealed the elemental composition percentages of
boron (B), carbon (C), nitrogen (N), and oxygen (O) as 39.93 %, 8.29 %,
41.17 %, and 10.61 %, respectively. Following the modification of the
HBN nanosheets with Fe3O4 nanoparticles, the elemental composition
percentages of the resulting MHBN nanocomposite were determined to
be 20.05 % for boron (B), 18.98 % for carbon (C), 17.16 % for nitrogen
(N), 42.23 % for oxygen (O), and 1.58 % for iron (Fe). The EDS analysis
confirmed the presence of iron in the nanocomposite’s elemental
composition. Furthermore, the increase in the atomic percentage of
oxygen (from 10.61 % to 42.23 %) and the decrease in the atomic per-
centages of boron and nitrogen (from 39.93 % to 20.05 % and from

41.17 % to 17.16 %, respectively) support the conclusion of successful
synthesis of Fe304 NPs on the surface of the HBN nanolayers. Following
the modification of the MHBN nanocomposite with APTES, the peak
intensities for boron (B), carbon (C), nitrogen (N), oxygen (O), silicon
(Si), and iron (Fe) within the MHBN-APTES nanocomposite were
analyzed. The resultant elemental composition percentages were
determined to be 26.94 %, 16.81 %, 25.70 %, 24.81 %, 2.73 %, and 3.00
%, respectively. The presence of silicon confirms the successful modi-
fication of the MHBN nanocomposite with APTES.

Fig. 1F-H presents the SEM images of the synthesized MHBN-APTES
nanocomposite at various magnifications obtained during each modifi-
cation step. HBN nanolayers exhibited a uniform and well-distributed
structure after the exfoliation process (Fig. 1F). Given that similar ob-
servations have been reported in existing literature, it can be concluded
that the exfoliation of HBN was executed successfully [34-37].
Following the modification of HBN nanosheets with Fe3O4 NPs and
APTES, the presence of iron nanoparticles on the surface of the nano-
sheets is clearly observed in Fig. 1G-H. The images obtained are also
consistent with findings reported in the existing literature [37,38].

To gain deeper insights into the surface chemistry and bonding in-
teractions, the synthesized MHBN-APTES nanocomposite was further
analyzed using XPS characterization (Fig. 2). The XPS survey spectrum
for HBN, along with HBN and HBN-APTES nanocomposites, is illustrated
in Fig. 2A. The emergence of the Fe 2p peak in the XPS survey spectrum
following the modification of HBN with Fe304 NPs provides clear evi-
dence of the deposition of Fe3sO4 NPs onto the surface of the HBN
nanolayers. Furthermore, detecting the Si 2p peak after the modification
of the MHBN nanocomposite with APTES confirms the efficacy of the
APTES modification process. Upon examining the data presented in
Fig. 2B, which compares weight percentage values derived from XPS
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Fig. 2. A) XPS survey spectra and, B) chemical composition of HBN, MHBN, and MHBN-APTES, along with high-resolution XPS spectra of C) B 1s, D) Fe 2p, E) N 1s,

and F) Si 2p of MHBN-APTES.

analysis, similar to the results obtained from EDS, the detection of iron
on the surface of the HBN nanocomposite following the modification of
HBN nanosheets with Fe3O4 NPs is detected. Additionally, there is a
significant increase in the atomic percentage of oxygen, which rises from
3.48 % to 12.26 %. Concurrently, there is a reduction in the atomic
percentages of B and N, decreasing from 50.22 % to 41.61 % and from
39.96 % to 34.85 %, respectively. These changes are strong indicators of
the synthesis of Fe304 nanoparticles on the surface of HBN nanolayers.
The increase in the carbon ratio, from 6.34 % to 15.52 % following the
modification with APTES, can be attributed to the presence of the carbon
chain in the APTES structure. Conversely, the notable reduction in the
iron ratio, from 38.27 % to 5.74 % in the MHBN nanocomposite after
APTES modification, further confirms the efficacy of the surface modi-
fication process. Additionally, the close alignment of the elemental
percentages for N and Si obtained from the EDS analysis (25.70 % and
2.73 %, respectively) with those derived from the XPS analysis (25.66 %
and 3.04 %, respectively) serves as evidence of the correlation between
these methods. The B 1s XPS spectrum analysis indicates that the peak
associated with the B-N bond is positioned at 190.3 eV. The peak cor-
responding to the formation of B-O bonds is observed at approximately
192.0 eV, as illustrated in Fig. 2C [39-41]. The Fe 2p spectrum acquired
following the modification of HBN nanosheets with Fe3O4 nanoparticles
reveals peaks at 728.2 eV (2pj,2), 725.3 eV (2p1,2), 722.6 eV (2p1,2),

713.6 eV (2p3/2), 712.0 eV (2p3,2), which are indicative of the presence
of Fe®" species. Additionally, the spectrum exhibits other peaks at
binding energies of 726.9 eV (2p12), 723.9 eV (2p1,2), 715.3 eV (2p3/2)
709.6 eV (2ps/2), 710.7 eV (2ps,2), signifying the presence of Fe?t
species (Fig. 2D) [42,43]. The observed peaks at 719.8 eV and 732.6 eV
were satellite peaks, indicating the high purity and synthesis of Fe3O4
NPs on HBN nanosheets. Specifically, the concurrent presence of Fe 2p;,
2 (725.3 eV) and Fe 2p3/» (710.7 eV) aligns closely with the standard
data for Fe3O4 NPs [43-48]. In the N 1s spectrum (Fig. 2E), the peak
observed at 400.9 eV post-silanization signifies the presence of N asso-
ciated with N-H bonds originating from APTES. The prominent peak at
398.1 eV is attributed to C-NH; bonds, while the peak located at 399.2
eV corresponds to N-C bonds. The peak observed at 406 eV can be linked
to the n* resonances of the HBN crystal, indicating the existence of
different bonding environments [49-52]. In the Si 2p spectrum of
MHBN-APTES nanocomposite, it was observed that the peak at 100.2 eV
corresponds to Si-C bonds, while the peak at 101.4 eV is associated with
Si-O bonds, which are characteristic of APTES interactions. Addition-
ally, the peak at 102.1 eV is attributed to the Si-O-Fe bond (APTES
grafting Fe3O4). The peak located at 99.5 eV is assigned to elemental Si
(Fig. 2F) [49,53-58].
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3.2. Electrochemical characterization

The CV and DPV measurements were conducted utilizing HBN to
assess the impact of each component within the MHBN-APTES nano-
composite on the current response (Fig. 3A-B). The bare SPCE displays
quasi-reversible redox peaks, showing a peak-to-peak separation or
potential difference (AE,) of 0.24 V. The AE value of HBN-modified
SPCE increased to 0.34, while the current value decreased compared
to the bare SPCEs. This observation can be attributed to the semi-
conductor properties inherent in the HBN nanocomposite [59]. More-
over, electrochemical measurements were performed at concentrations
of 1, 2, 4, and 5 mg/mL to optimize the MHBN-APTES nanocomposite
concentrations on the working electrode of the SPCE. The modified
SPCE using MHBN-APTES at concentrations of 1, 2, 4, and 5 mg/mL
demonstrated a superior current response compared to the HBN-
modified SPCE. The calculated AE, values for the respective concen-
trations were 0.14, 0.13, 0.11, and 0.12 V. This observation indicates
that the electron transfer rate at the MHBN-APTES-modified SPCE is
better than that at the HBN-modified SPCE. MNPs on the HBN nano-
layers enhance electron transfer efficiency through a synergistic effect
between HBN and MNPs [19,60-63]. Moreover, the redox reaction is
classified as quasi-reversible when the anodic and cathodic peak po-
tential separation values (AEp) exceed 59 mV [64]. Based on the ob-
tained AE, results, the redox reaction occurring on the electrode surface
is quasi-reversible. Additionally, the graph in Fig. 4 supports this result.
An increase in current was observed in both DPV and CV profiles with
the increasing MHBN-APTES nanocomposite concentration. The
observed increase in redox current can be attributed to several factors,
including the substantial surface area of MNPs, high electron transfer
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capacity, and a pronounced synergistic effect with HBN. Additionally,
the pKa value of the amine groups in APTES is 10.8 [65,66]. Conse-
quently, the amine groups on the surface of the MHBN-APTES nano-
composite acquire a positive charge in PBS at pH 7.4. This results in
electrostatic attraction with the anionic HCF solution, enhancing the
current response. The responses obtained with the 5 mg/mL and 4 mg/
mL MHBN-APTES nanocomposites were almost identical, which can be
attributed to creating the steric hindrance by MHBN-APTES nano-
composite. Consequently, the optimal concentration of the MHBN-
APTES nanocomposite was determined to be 4 mg/mL.

To establish the optimal duration for the immobilization of Anti-T-
Tau on the MHBN-APTES modified SPCE surface, DPV measurements
were conducted using a constant T-Tau concentration of 10 pg/mL at 1,
2, and 24-hour intervals. For the measurements undertaken after 24 h,
the MHBN-APTES/Anti-T-Tau electrodes were initially maintained at
room temperature for 2 h and subsequently stored in a refrigerator at
4 °Cin a petri dish until the following day when the measurements were
executed. After dropping 4 pL of a 10 pg/mL T-Tau solution to the
prepared MHBN-APTES/Anti-T-Tau immunosensors for each specified
period, the electrodes were incubated for 30 min at room temperature
and washed with PBS. The results from the DPV measurements indicated
that extending the immobilization time of Anti-T-Tau from 1 h to 2 h
yielded an increased current difference when interacting with the 10 pg/
mL T-Tau solution. However, at the end of the 24 h, the current response
observed in the DPV measurements with 10 pg/mL T-Tau was nearly
identical to the current difference recorded at the 2-hour, likely due to
the steric hindrance caused by MHBN-APTES/Anti-T-Tau (Fig. 3C-D).
Based on the DPV profile, the optimal time for immobilizing Anti-T-Tau
on the MHBN-APTES-modified SPCE surface was determined to be 2 h.
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Tau) = 10 pg/mL, error bars show the SD of 3 replicate measurements).
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rate employed for the analysis was 50 mV/s, ¢(T-Tau) = 20 pg/mL).

The electrochemical characterization of bare, MHBN-APTES, MHBN-
APTES/Anti-T-Tau and MHBN-APTES-APTES/Anti-T-Tau/T-Tau SPCE
surfaces was conducted utilizing CV, DPV, and EIS measurements. The
electrochemical oxidation and reduction peaks of HCF were evident in
the CV profiles for all tested electrodes (Fig. 4A). The CV profiles indi-
cated the mean anodic current values of 48.7 + 0.8 pA, 58.8 + 1.9 pA,
68.6 + 0.5 pA, and 62.7 + 1.7 pA for the bare, MHBN-APTES, MHBN-
APTES/Anti-T-Tau, and MHBN-APTES/Anti-T-Tau/T-Tau modified
SPCEs, respectively. Also, the calculated AE}, values for the bare, MHBN-
APTES, MHBN-APTES/Anti-T-Tau, and MHBN-APTES/Anti-T-Tau/T-
Tau modified SPCEs were 0.24, 0.12, 0.09, and 0.11, respectively.
Following the modification of the bare SPCE with the MHBN-APTES
nanocomposite, an increase in current was observed. As explained
above in the section on determining the optimum nanocomposite con-
centration, this enhancement can be attributed to the protonation of the
amine groups (pKa value 10.8) of APTES in PBS (pH 7.4), resulting in

electrostatic attraction with the anionic HCF solution, which conse-
quently increased the current response [65,66]. The observed increase
in redox current can also be ascribed to the high surface area of MNPs,
their high electron transfer capacity, and the pronounced synergistic
effect with HBN [19,60]. Likewise, the MHBN-APTES/Anti-T-Tau elec-
trodes exhibited improved peak current and decreased AE, value
compared to the MHBN-APTES, indicating enhanced conductivity and
electrochemical reactivity [63]. As antibodies exist as polyelectrolytes in
aqueous solutions, their electric charges can be influenced by the pH of
the buffer utilized during electrochemical measurements and the
immobilization process. Typically, the isoelectric point of the (Fup)2
regions of antibodies exceeds that of the F. fragment and the entire
antibody [67,68]. Consequently, under buffer conditions, (Fy)s frag-
ments possess a positive charge, while the F. fragment exhibits a nega-
tive charge [69,70]. The positive charge of (Fap)2 fragments leads to
electrostatic attraction with the anionic redox solution of HCF, which
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enhances the electron transfer rate. All these can be considered as a
reason for the signal increase obtained after binding of Anti-T-Tau to the
MHBN-APTES surface. In electrochemical measurements conducted in
the presence of T-Tau, a decrease in current and AE, value was recorded
due to the redox-active species’ inability to access the electrode surface.
This results from forming an immunocomplex between Anti-T-Tau and
T-Tau on the electrode surface.

Following CV, DPV is employed for quantitatively detecting analytes
owing to its low detection limits, diminished capacitive current, and
reduced background noise characteristics. The current is measured both
before and following the application of the pulse, with the difference
calculated to mitigate the contribution of capacitive current in the
overall measurement, thereby enhancing selectivity [67,71]. This
technique facilitates peak separation even within narrow wavelength
ranges, making it particularly suitable for this study’s quantitative
detection of T-Tau. Fig. 4B illustrates the DPV profiles of bare, MHBN-
APTES, MHBN-APTES/Anti-T-Tau, and MHBN-APTES/Anti-T-Tau/T-
Tau modified SPCEs. Consistent with the CV profiles, a notable in-
crease in current was observed after the SPCE surface was coated with
the MHBN-APTES nanocomposite and the Anti-T-Tau was immobilized.
Conversely, a decrease in current was recorded during electrochemical
measurements conducted in the presence of T-Tau. In this regard, it was
confirmed that all DPV profiles align with the trends indicated in the CV
profiles.

EIS was also performed to investigate ion-charge transfer resistance
(Rep) and electrochemical properties of the modified SPCEs. This
approach quantifies the current response by applying a sinusoidal
voltage. When impedance spectra are depicted as a Nyquist plot, the
linear segment at lower frequencies, characterized by a 45° angle, in-
dicates a diffusion-limited process. Conversely, the semicircular
segment at higher frequencies illustrates the R and double-layer
capacitance [72,73]. The diameter of the semicircle formed in the
Nyquist plot is inversely proportional to electrical conductivity, allow-
ing for the assessment of variations in R¢; at each modification stage
based on this semicircular diameter. Moreover, the linear trend
observed at low frequencies within the Nyquist plot signifies rapid
electron transfer [19]. The insulating layer formed by the antibody-
antigen immunocomplex on the electrode surface inhibits the diffusion
of redox-active molecules to the electrode. This results in a change in
capacitance, which leads to an increased R in the EIS profile of the
electrodes. Randles equivalent circuit model (Rs: solution resistance, R
ion-charge transfer resistance, W: Warburg element, and Cq: double-
layer capacitance) was used for fitting based on the experimental data.
All fitting parameters and the chi-squared (y2) values (with estimated
errors) were provided in Table S1. According to this circuit model, the
mean R values for the bare, MHBN-APTES, MHBN-APTES/Anti-T-Tau,
and MHBN-APTES/Anti-T-Tau/T-Tau modified SPCE were calculated at
3338 + 178.5 Q, 1125 + 29.7 Q, 25.1 + 5.4 Q, and 55.5 + 6.5 Q,
respectively. A notable decrease in R, was observed in the Nyquist
profile following the modification of the bare SPCE with the MHBN-
APTES nanocomposite and subsequent covalent attachment of Anti-T-
Tau to the surface of the MHBN-APTES nanocomposite-modified
SPCE. This phenomenon, similar to that indicated by the CV profile,
suggests an increase in surface area due to the MHBN-APTES modifi-
cation, thereby facilitating electron transport between ferri/ferrocya-
nide ([Fe(CN)S]B’/ 4-) ions [74]. Upon the incubation of the MHBN-
APTES/Anti-T-Tau surface with T-Tau, the formation of an immuno-
complex between the MHBN-APTES/Anti-T-Tau surface and T-Tau im-
pedes electron transfer between the redox probe (HCF) and the electrode
surface, resulting in an observed increase in R¢ (Fig. 4C). These findings
indicate that the Nyquist profiles align with the results obtained from
the CV and DPV profiles [75-78].

The scan rate serves as a crucial parameter for controlling the applied
potential. The MHBN-APTES surface was analyzed at varying scan rates
(0-100 mV/s) to investigate the correlation between the scan rate and
its current values (Fig. 4D). As illustrated in Fig. 4D, an increase in the
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scan rate resulted in a shift of the anodic peak to a higher potential
value. In comparison, the cathodic peaks shifted to a lower potential
value. The rising AEp value as a function of increasing scan rate suggest
that the electron transfer kinetics are quasi-reversible. Additionally, the
linear relationship observed with the square root of the anodic and
cathodic current scan rate peaks indicates that the redox reaction is
governed by diffusion-controlled behavior [79]. The equations were
calculated as y=(18.275 + 0.622)x-(26.331 + 4.415) (R? = 0.990) and
y =-(18.585 + 0.495)x-(12.308 + 3.519) (R2 = 0.993), respectively.
From these findings, it can be concluded that the MHBN-APTES surface
exhibits diffusion-controlled behavior at varying scan rate. Applying the
Randles-Sevcik equation (1), from the slope of the plot (I, = f(v'/?)) the
electroactive surface area for the bare SPCE and MHBN-APTES elec-
trodes were determined to be 0.059 cm? and 0.124 cm?, respectively.

I, = (2.69 x 10%)n*2D'/2CAV'/? (@))

I, = peak current (Ampere).

n = number of e-involved (equal to 1).

D = diffusion coefficient (for K3[Fe(CN)e] is 7.6 x 10°° cmz/s),

A = electroactive surface area (cm?),

C = concentration of K3[Fe(CN)g] (mol/cmg),

v = scan rate (V/s).

The electro active surface area of bare SPCE and MHBN-APTES
modified SPCE was determined from the peak current plots corre-
sponding to the bare electrode surface as a function of the square root of
scan rates, as depicted in Fig. 4E-F. Upon modification of the bare SPCE
with MHBN-APTES, there was an approximately two-fold increase in the
electroactive surface area compared to that of the bare SPCE. This
enhancement suggests that the MHBN-APTES nanocomposite Fe(CN)z
4= facilitates additional conduction pathways for electron transfer [19].

3.3. Application of MHBN-APTES/Anti-T-Tau for the detection of t-tau

To ascertain the linear detection range of T-Tau utilizing the MHBN-
APTES/Anti-T-Tau immunosensor, DPV measurements were conducted
across varying concentrations of T-Tau, ranging from 0.5 to 100 pg/mL.
The linear detection range was from 0.5 to 50 pg/mL. The calibration
curve equation was calculated as y = (1.336 + 0.051)x + (7.515 +
1.445) (R2 = 0.993), where x represents the T-Tau concentration in pg/
mL, and y represents the current in pA (Fig. 5A-B). The interaction be-
tween Anti-T-Tau and T-Tau on the electrode surface resulted in an
immunocomplex, as evidenced by the DPV measurements conducted
within the 0.5 to 50 pg/mL concentration range. This interaction
impeded the access of HCF to the electrode surface, leading to a
reduction in current as T-Tau concentration increased. Notably, no
significant increase in current density was observed beyond the T-Tau
concentration of 50 pg/mL. This phenomenon can be attributed to the
steric hindrance caused by T-Tau on the electrode surface. Furthermore,
the DPV profile corresponding to the incremental T-Tau concentrations
from 0.5 to 50 pg/mL was presented in Fig. 5C. The plasma T-Tau levels
in healthy individuals are reported at 3.07 pg/mL [80]. In patients with
mild cognitive impairment, this value rises to 4.6 pg/mL [81].
Furthermore, individuals diagnosed with AD exhibit a significantly
elevated T-Tau concentration of 37.5 pg/mL [7]. The linear detection
range of the developed MHBN-APTES/Anti-T-Tau immunosensor is
well-suited for T-Tau detection in blood plasma.

The LOD denotes the minimum quantity of an analyte that can be
identified with a specified degree of confidence [82]. In this study, DPV
measurements were employed to ascertain the LOD of the MHBN-
APTES/Anti-T-Tau immunosensor, utilizing a total of 10 distinct
immunosensors. The lowest concentration point on the calibration
graph, 0.5 pg/mL of T-Tau, was used for the LOD calculation. The for-
mula applied for determining the LOD was 3SD/m, where SD represents
the standard deviation of 10 measurements conducted at the 0.5 pg/mL
T-Tau concentration, and m signifies the slope of the T-Tau calibration
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error bars show the SD of 3 replicate measurements).

curve [83]. Consequently, the calculated LOD for T-Tau was determined
to be 0.39 pg/mL.

HBN/Anti-T-Tau modified SPCEs were prepared, and the impact of
each component on the sensor response was evaluated utilizing the DPV
technique in the presence of 20 pg/mL T-Tau (Fig. 5D). It was observed
that the DPV measurements conducted with HBN/Anti-T-Tau demon-
strated significantly inferior performance compared to the MHBN-
APTES/Anti-T-Tau surface. Govind Rajan et al. (2019) noted that the
contact angle of the HBN basal plane was measured at 81°, indicating
low hydrophilicity [84]. It is well-established that surface hydrophilicity
plays a critical role in the effective immobilization of biological mole-
cules [85]. Consequently, the lower immobilization efficiency of Anti-T-
Tau on the HBN nanosheets can be attributed to this characteristic. The
coating of the electrode surface with MHBN-APTES to the electrode
surface enhances hydrophilicity due to the presence of amine functional
groups derived from APTES. Consequently, a greater quantity of Anti-T-
Tau was effectively immobilized on the surface of the SPCE modified
with MHBN-APTES. Literature supports the notion that the incorpora-
tion of Fe3O4 NPs into nanomaterials such as graphene or HBN leads to
synergistic effects that enhance the activity of Fe3O4 and increase the
available surface area [19,86]. Therefore, the synergistic interaction
between HBN and Fe3O4 NPs, along with the surface hydrophilicity
induced by the presence of amine groups on the electrode surface,
demonstrated superior performance for the detection of T-Tau compared
to the HBN-modified SPCE surface.

The selectivity of an analytical method is defined by its capability to
detect the analyte while remaining unaffected by other components
within the matrix. In this context, BSA, GLC, INS, and urea have been
identified as potential interfering substances in the blood that may in-
fluence the MHBN-APTES/Anti-T-Tau immunosensor response. Refer-
ence range for BSA [87], GLC [88], INS [89], and urea [90,91] were
established based on existing literature. The selectivity of the MHBN-
APTES/Anti-T-Tau immunosensor was assessed through DPV measure-
ments, employing 20 pg/mL T-Tau solutions that included 4.0 g/dL BSA,
100 mg/dL GLC, 10 pU/mL INS, and 14 mg/dL urea. The findings
indicated that the selectivity of the immunosensor was 98.48 % for the
combination of T-Tau and BSA, 96.65 % for T-Tau and GLC, 97.51 % for
T-Tau and urea, and 97.20 % for T-Tau and INS. Additional selectivity
studies were conducted for each molecule alone, yielding values of 1.63
% for BSA, 2.84 % for GLC, 2.79 % for urea, and 0.99 % for INS (Fig. 6A-
B). Based on the obtained data, it can be concluded that BSA, GLC, INS,
and urea, individually or in conjunction with T-Tau, do not interfere
with the developed MHBN-APTES/Anti-T-Tau immunosensor response.

3.4. Repeatability, reproducibility, and stability of MHBN-APTES/Anti-
T-Tau immunosensor

Repeatability studies were conducted in the presence of 20 pg/mL T-
Tau by performing ten measurements on a single electrode (Fig. 7A).
The resulting coefficient of variation (%cv) and SD values were 2.47 %
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cv%: 2.47, SD: +0.78

100 4—
804
60
404

204

Current Response (%) >

o

T —
1.2 3 4 5 6 7 8 9
Repeatability

10

1004

804

604

40+

204

Current Response (%)

04

Day 1

Day 2

Day 3

cv%: 3.21, SD: +1.02

1004

Current Response (%) W

0 =y —
1 2 3 4 5 6 7 8 9
Reproducibility

10

Day4 Day5
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and + 0.78, respectively. These findings affirm that the developed
MHBN-APTES/Anti-T-Tau immunosensor exhibits commendable
reproducibility across multiple tests. To further assess the reproduc-
ibility of the MHBN-APTES/Anti-T-Tau immunosensor, ten distinct
immunosensors were fabricated, and DPV measurements were executed
in the presence of 20 pg/mL T-Tau (Fig. 7B). The computed %cv and SD
values were determined to be 3.21 % and + 1.02, respectively. A %cv
value of less than 5 % signifies high sensitivity for the developed
immunosensor, indicating that there are minimal variances among the

immunosensor groups and within the immunosensors themselves
[71,92]. Stability studies were conducted to assess the response of the
MHBN-APTES/Anti-T-Tau immunosensor over time when stored in a
humidified environment at 4 °C for five days. The MHBN-APTES/Anti-T-
Tau immunosensors were prepared, and DPV measurements were con-
ducted daily to evaluate stability. After five days, the current response of
the MHBN-APTES/Anti-T-Tau immunosensor exhibited only a 1.01 %
decrease compared to the initial response (Fig. 7C). This result indicates
that the immobilized Anti-T-Tau demonstrates significant stability over
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the five days.
3.5. Sample application

Increased concentrations of T-Tau in blood serum are significantly
associated with AD, making the detection of T-Tau essential. The com-
mercial human serum (Sigma-Aldrich, H4522) were diluted 10 times
with PBS (pH 7.4), and varying amounts of T-Tau (final concentrations
0.5, 20, and 50 pg/mL) were added to each dilution. The achieved re-
covery percentages with the diluted commercial human serum were
given in Table 1. Given that acceptable recovery percentages range from
95 % to 105 %, this result affirms the system’s validity [93,94].

The performance of biosensors designed for T-Tau detection in
serum, as reported in the literature, was compared with the results of our
study, as shown in Table 2. The findings underscore that the MHBN-
APTES/Anti-T-Tau immunosensor possesses remarkable capabilities
for detecting trace levels of T-Tau, exhibiting both high sensitivity and
selectivity compared to the literature. The most widely used technique
for detecting AD-related Tau pathology as a gold standard in the clinical
field is Tau positron emission tomography (PET) molecular imaging
[95,96]. However, commercial immunoassay kits for T-Tau levels in
human serum exhibit linear detection ranges of 16 to 250000 pg/mL or
20 pg/mL to 1800 pg/mL. Given that the T-Tau concentration in the
blood of individuals diagnosed with mild cognitive impairment is
approximately 4.6 pg/mL, both of these immunoassay kits are only
capable of identifying T-Tau in patient cohorts with advanced Alz-
heimer’s disease. In this context, the MHBN-APTES/Anti-T-Tau immu-
nosensor, which shows a linear determination range of 0.5-50 pg/mL,
offers a potential that could be improved with further experiments such
as real blood sample experiments for the early diagnosis of Alzheimer’s
disease and monitoring of disease progression.

4. Conclusions

A novel electrochemical immunosensor based on MHBN-APTES has
been developed as a label-free approach for detecting T-Tau in artificial
blood serum. This immunosensor utilizes a modified SPCE integrating
MHBN-APTES and Anti-T-Tau, characterized by a nanocomposite design
incorporating a single biological molecule. The proposed MHBN-
APTES/Anti-T-Tau immunosensor exhibited remarkable electro-
chemical performance for T-Tau detection, demonstrating a wide linear
range between 0.5-50 pg/mL, high selectivity, and a LOD (0.39 pg/mL)
at trace levels. Furthermore, the cost-effectiveness of the developed
MHBN-APTES/Anti-T-Tau immunosensor renders it an attractive option
for future enhancements and applications. It is also feasible to augment
the capabilities of this immunosensing system to detect additional bio-
markers related to neurodegenerative diseases, such as phospho-tau
protein and amyloid beta (Ap), by employing MHBN-APTES as a ma-
trix for the immobilization of other antibodies. This progress could
further broaden the scope of the immunosensors in early diagnostics and
personalized medicine for neurodegenerative conditions. Although the
developed MHBN-APTES/Anti-T-Tau immunosensor was designed for
single use, this study’s findings indicate that it has significant potential
for rapid and minimally invasive detection of T-Tau, a biomarker asso-
ciated with Alzheimer’s disease.
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Table 1
Detection of T-Tau in diluted human serum by the MHBN-APTES/Anti-T-Tau
immunosensor (n = 3).

Sample Added T-Tau Found T-Tau Recovery%
(pg/mL) (pg/mL)

Human Serum 0.5 0.52 +0.19 104.00
20 19.11 + 1.32 95.55
50 50.83 £ 0.77 101.66

Table 2
Comparison of the analytical performance of T-Tau immunosensors from serum.
Modification Linear LOD Reference
Range
Electrochemical PDDA nanolayer ~ 10-10° 1.31 [97]
Immunosensors pg/mL pg/mL
Tau/Anti-T-Tau/  10°-10° - [98]
MPA pg/mL
HBN-PDA/Anti- 1-30 pg/ 0.42 [99]
T-Tau mL pg/mL
MHBN-APTES/ 0.5-50 0.39 This work
Anti-T-Tau pg/mL pg/mL

GO = Graphene oxide; pPG = poly (propyleneglycol), PLGA: poly (lactic-co-
glycolic acid), AuNPs: Gold nanoparticles, PDDA: poly dimethyl diallyl ammo-
nium chloride, PDA: polydopamine.
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