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Abstract: Human Tau protein is the most reliable biomarker for the prediction of Alzheimer’s disease
(AD). However, the assay to detect low concentrations of tau protein in serum is a great challenge for
the early diagnosis of AD. This paper reports an electrochemiluminescence (ECL) immunosensor
for Tau protein in serum samples. Gold nanostars (AuNSs) decorated on carbon nitride nanosheets
(AuNS@g-CN nanostructure) show highly strong and stable ECL activity compared to pristine CN
nanosheets due to the electrocatalytic and surface plasmon effects of AuNSs. As a result of the
strong electromagnetic field at branches, AuNSs showed a better ECL enhancement effect than their
spherical counterpart. For the fabrication of a specific immunosensor, immobilized AuNSs were
functionalized with a monoclonal antibody specific for Tau protein. In the presence of Tau protein,
the ECL intensity of the immunosensor decreased considerably. Under the optimal conditions, this
ECL based immunosensor exhibits a dynamic linear range from 0.1 to 100 ng mL~! with a low limit
of detection of 0.034 ng mL~L. The LOD is less than the Tau level in human serum; thus, this study
provides a useful method for the determination of Tau. The fabricated ECL immunosensor was
successfully applied to the detection of Tau, the biomarker in serum samples. Therefore, the present
approach is very promising for application in diagnosing AD within the early stages of the disease.

Keywords: gold nanostars; Tau protein; immunosensor; carbon nitride nanosheets; Alzheimer’s
disease

1. Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative illness. The number
of people suffering from the disease will increase—with the rapidly aging world population.
It is expected that AD is going to affect 115 million people worldwide if no effective
therapeutic strategies are developed by 2050. AD-related pathophysiological symptoms
can be observed as early as 10-20 years before the emergence of cognitive impairment [1-3].
Most of the AD biomarkers appear in the cerebrospinal fluid (CSF). However, the CSF
sampling route is difficult, expensive, and invasive, making it inconvenient for large-
scale or repetitive sampling in a long-time following disease progression or treatment
efficacy. Human Tau protein is a promising serum biomarker for AD—that has gained
significant attention for early and accurate molecular diagnostics [4-7]. However, the serum
concentrations of Tau protein biomarkers are at the pg/mL level, and ultrahigh-sensitivity
detection methods are in great demand for clinical applications.
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Electrochemiluminescence (ECL), also called electrogenerated chemiluminescence,
converts the input electrical signal into optical readout, which is different from most other
electrochemical methods [8,9]. In fact, ECL relies on the generation of luminophore in the
vicinity of the electrode surface by applying voltage. Then, these electronically excited
luminophores participate in high-energy electron-transfer reactions to emit luminescent
signals [10,11]. ECL represents a valuable marriage of electrochemistry and spectroscopy
and displays unique advantages over other optical methods, including fluorescence and
chemiluminescence (CL). First and foremost, the absence of an excitation pathway not
only facilitates the detection setup but also diminishes the fluctuation in the traditional
fluorimetric techniques, thus leading to high sensitivity. Second, the advantages of chemi-
luminescence are maintained in ECL methods. Furthermore, the electrochemical reaction
in ECL permits the time and location of the light-emitting reaction to be controlled. This
advantage leads to improved sensitivity, specificity, and reliability compared to CL. Third,
ECL is more selective than CL because the production of excited species can be easily
controlled by varying the electrode potentials [11,12].

Colloidal gold nanoparticles (AuNPs) are extensively utilized as the sensitivity en-
hancement components of biosensors due to their unique photochemical properties [13].
Recently, anisotropic AulNPs such as nanocubes, nanowires, and nanostars have received
significant attention since they have unique and often better optical and electronic prop-
erties than spherical NPs [14-16]. Gold nanostars (AuNSs) have a circular structure with
sharp protruding branches [17-20]. AuNSs display modulated plasmon resonance because
their multiple sharp tips could act as “hot spots” and amplify the local electromagnetic
fields considerably. Applications of AuNSs for amplifying response signals of surface-
enhanced Raman spectroscopy (SERS) based immunosensors are reported frequently in
the literature [21].

At present, the available detection methods for Tau protein are based in large part on
the enzyme-linked immunosorbent assay (ELISA). Despite the restrictions of the conven-
tional ELISA, alternative methods have rarely been reported for the detection of Tau in
plasma. In a pioneering study, a multichannel surface plasmon resonance (SPR) platform
was applied for the detection of human Tau in undiluted plasma [2]. Dan Tao et al. reported
a label-free electrochemical aptasensor for the detection of Tau in human serum with a
limit of detection of 0.70 picomolar [22]. An electrochemical biosensor was developed on
an interdigitated wave-shaped electrode via an activated and self-assembled monolayer
to immobilize a specific antibody for the detection of tau at picomolar levels [23]. To
our best knowledge, the ECL application has not been reported in Tau protein detection.
Furthermore, a combination of localized surface plasmon resonance (LSPR) and ECL can
be an effective way to amplify the signal intensity, and LSPR induced PL enhancement has
been used as a sensitive analytical technique.

As a semiconductor two-dimensional (2D) material, Graphite-like carbon nitride
nanosheets (g-CN nanosheets) have received great attention in both fundamental and ap-
plied scientific investigations. g-CN nanosheets possess intriguing advantages, including
good biocompatibility, excellent surface area, stability, and medium bandgap, thus extend-
ing huge potential applications as ECL emitter candidates. However, surface modification
of the electrodes with pure g-CN nanosheets reduces the conductivity of modified elec-
trodes and produces weak and unstable ECL emissions. For improving the ECL properties
of g-CN nanosheets, it has been appropriately functionalized with some nanomaterials. For
example, an ECL biosensor was constructed based on Au NPs decorated g-CN nanosheets
to quantify carcinoembryonic antigen with excellent sensitivity (LOD: 6.8 pg mL~1), good
specificity, precision, and stability [24]. Our group reported an ECL immunosensor based
on AuNSs and g-CN nanosheets for the quantification of CD133 peptide with a LOD of
0.257 ng mL~! [12].

In this report, an ECL immunosensor based on an AuNS functionalized g-CN nanos-
tructure (AuNS@g-CN) was developed for Tau protein detection. The construction proce-
dure of the suggested ECL immunosensor for Tau protein is displayed in Scheme 1. The
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AuNS@g-CN nanostructure generated a stable and strong ECL emission. AuNSs not only
accelerated electron transfer in the ECL process but also served as the immobilization
platforms for biomolecules. Hence, the AuNS@g-CN nanostructure was combined with the
Tau antibody via the Au-IN and Au-5 bonds and produced a selective immunosensor by
specific recognition between the antibody and the antigen (Tau protein). The ECL response
is linear in the 0.1 ng mL~! to 100 ng mL~! of Tau protein concentration ranges, whit
LOD of 0.034 ng mL~!. The real sample test demonstrated that the ECL method had good
practicability for sensitive Tau protein determination in serum samples. Thus, this method
could prove valuable in diagnosing AD within the early stages of the disease.
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Scheme 1. The illustration of the fabrication route and sensing mechanism of the Tau biomarker

immunosensor.

2. Experimental

All details of materials, procedures, and instruments are described in the Electronic
Supplementary Materials (ESM).

2.1. Synthesis of g-CN Nanzosheets

Bulk CN was prepared according to the previous procedure through the pyrolysis
of melamine in the air atmosphere [25]. In detail, a crucible containing 15 g of melamine
was placed in a Muffle Furnace. The important parameters of calcination were adjusted
as follows; Initially, the temperature was increased to 500 °C with the heating rate of
2.5°C min~! and kept at this temperature for 5 h; Finally, the temperature cooled down
to room temperature naturally to obtain the yellow bulk g-CN powder. Nanosheets of
g-CN were obtained by a liquid exfoliating technique. First, 50 mg of bulk g-CN product
was suspended in 50 mL of deionized water and sonicated for 30 min (150 W) by an
ultrasonic cell disruptor. In the next step, the g-CN suspension was exposed to ultrasound
in an ultrasonic bath (400 W) for 10 h. The resultant white suspension was centrifuged at
5000 rpm for 30 min to remove the residual un-exfoliated g-CN or large-sized nanosheets.

2.2. Synthesis of Gold Nanostars

Gold nanostars (AuNSs) and AuNPs were synthesized as described in the litera-
ture [26]. Details are given in the ESM.



Molecules 2022, 27, 431

40f11

2.3. Preparation of the AuNS Decorated g-CN Nanosheets (AuNS@g-CN Nanosheets)

AuNS@g-CN nanostructures were produced by the physical mixing of 1 mL of
AuNSs suspension into 20 mL of g-CN nanosheet suspension (dropwise) and stirred
gently overnight. Finally, the resultant suspension was centrifuged, and the obtained
product was washed with water successively. The resulting AuNS@g-CN nanostructures
were centrifuged and dispersed in PBS (pH = 7.4).

2.4. Fabrication of ECL Immunosensors

A glassy carbon electrode (GCE) was polished repeatedly with alumina powder on
a polishing pad and then rinsed thoroughly with water and ethanol. Finally, polished
and clean GCE was dried using nitrogen in a gas stream. Next, 10 pL of the suspension
of AuNS@ g-CN nanostructures was directly drop-casted on the cleaned GCE and kept
at 40 °C for 30 min to form a thin film of AuNS@ g-CN nanosheets. In the next step,
the resultant AuNS@ g-CN nanosheet immobilized GCE was incubated with 10 pL of
a Tau antibody (anti-Tau) (7.14 ng mL 1) solution and incubated at 4 °C for 12 h. The
covalent immobilization of the anti-Tau takes place via the covalent bond formed between
the thiol and amine groups of the antibody and AuNSs. Afterward, (GCE/AuNS@ g-CN
nanosheets/anti-Tau) electrode was immersed in 0.1 M PBS to remove physically absorbed
anti-Tau. To block possible remaining active sites, the electrode was immersed in 10 pL
of 1% BSA solution at 37 °C for 1 h and then washed by 0.1 M PBS thoroughly. The
immunosensor was applied for the quantitative analysis of Tau protein. The ECL assays
were performed as follows: First, 10 pL of Tau protein with certain concentrations was
cast on the modified electrode and left to react with immobilized anti-Tau. During the
detection process, the specific sites of anti-Tau are identifed and connected to Tau protein
when Tau peptide is present in the detection system (GCE/AuNS@ g-CN nanosheets/anti-
Tau/BSA /Tau protein), resulting in the ECL signal. The ECL measurements were carried
out in 0.1 M PBS (pH =7.5) and 0.1 M of K,5,0s.

3. Results and Discussion
3.1. Synthesis of AuNS@g-CN Nanostructures

In this work, g-CN nanosheets were used as ECL emitters for the fabrication of an
immunosensor. The pyrolysis procedure was utilized to construct bulk g-CN. Then, the
liquid phase exfoliation technique was applied to obtain nanosheets with one or a few
layers [27]. The SEM (Figure 1a) and TEM (Figure 1b) images of g-CN nanosheets indicate
that the g-CN nanosheets have a lamellar structure and an average diameter of around
200 nm.

AuNSs were prepared using a surfactant-assisted seed-mediated approach. The
morphological characterization of AuNSs was carried out using TEM images (Figure 1c),
showing that as-synthesized AuNSs have monodisperse distribution with an average
diameter of approximately 20 nm, and distinct spikes with a length of about 5 nm. The
AuNSs@g-CN nanostructure was synthesized via a physical mixing route. As shown in the
TEM image of the AuNS@g-CN nanostructure (Figure 1d), the AuNSs were consistently
distributed on the g-CN nanosheet surface, with no aggregation of the AuNSs. The g-CN
nanosheets are also clearly observed in TEM images.

To confirm the impact of the shape of the AuNSs on ECL amplification, the spherical
AuNPs-modified g-CN nanosheets (AuNP@g-CN nanostructure) were prepared by physi-
cally mixing AuNPs with an average size of (30 nm) and g-CN nanosheets. As displayed
in the TEM image of the AuNP@g-CN nanostructure (Figure S1), AuNPs were dispersed
evenly throughout the g-CN nanosheet.

The UV-Vis spectra of suspensions of AuNSs, g-CN nanosheets and AuNS@g-CN
nanostructures were used to prove the proper synthesis of the nanostructure. The AuNSs
exhibit two plasmon resonance peaks (Figure S2a), located at around 550 nm and 700 nm.
The locations of the UV-Vis peaks are consistent with AuNSs with the same size as in
previous works [26]. The suspension of g-CN nanosheets shows a distinct absorption peak
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at 320 nm (Figure S2b, red curve). The composite of AuNSs@g-CN nanosheets (Figure S2b,
blue curve) displays both typical UV-Vis bands of g-CN nanosheets and AulNSs, indicating
that AuNSs are successfully decorated in the g-CN nanosheet structure, and the plasmonic
properties of AuNSs are well maintained.

b
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Figure 1. (a) SEM image of g-CN nanosheets, (b) TEM image of g-CN nanosheets, (c) TEM image of
AuNSs, and (d) TEM image of AuNS@g-CN nanostructure.

3.2. ECL Behaviors and Feasibility

The ECL performance of the pristine g-CN nanosheet, AuNS@g-CN, and the AuNP@g-
CN nanostructure was evaluated by immobilizing the nanomaterials onto the polished
GCE and scanning the potential from —0.2 to —2 V. Simultaneously, the ECL intensities
were recorded in PBS (pH =7.5) and a 0.1 mM K;,S,0Og solution. As displayed in Figure 2a,
the g-CN nanosheet/GCE system (blue curve) shows weak ECL intensity.

When the potential was swept to more positive values, g-CN nanosheets were reduced
to g-CN~ Nanosheets due to charge injection. The reduction of S,0g2~ generates the
strong oxidant SO, ~ which is reduced by g-CN~ Finally, the produced excited g-CN* emits
luminescence in the electrochemical cell. The relevant ECL reactions are given below:
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g-CN+e” — g-CN™
S0 +e” — SO +S0;
g-CN™ +S0, — g-CN* +S03%~

And/or
g-CN +SO; — g-CN* + 503~

g-CNT +g-CN~ — g-CN* + g-CN
g-CN* — g-CN + hv

The ECL intensities obtained using AuNP@g-CN and AuNS@g-CN nanostructure
systems (Figure 2a, red and green curves, respectively) were enhanced by 7 and 9 times,
respectively, higher than that of the g-CN nanosheet/GCE system (Figure 2a, blue curve).
The mechanism of enhancement is attributed to the catalytic effect of AulNPs on the S,082~
reduction process [24]. Moreover, the more effective enhancement of AuNSs systems
from the special shape is due to the concentrate electron density around the spikes. In
addition, AuNSs show a strong LSPR effect concentrated around the tips of branches
which remarkably amplified the ECL intensity by producing more charge carriers. This
enhancement mechanism has been reported in the literature [28,29].
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Figure 2. (a) ECL intensity—time curves of GCE/pristine g-CN nanosheet (blue curve) system, the
GCE/AuNP@g-CN nanostructure system (red curve) and GCE/AuNS@g-CN nanostructure sys-
tem (green curve), and (b) ECL intensity—time curves of GCE/AuNS@g-CN system (red curve),
GCE/AuNS@g-CN/anti-Tau system (blue curve), GCE/AuNS@g-CN/ anti-Tau/BSA system (green
curve), GCE/AuNS@g-CN/anti-Tau/BSA /Tau protein system (Tau protein: 0.5 ng mL~!, purple
curve) and AuNS@g-CN/BSA /Tau protein system (Tau protein: 1 ng mL~!, yellow curve). (concen-
tration of K»5,03: 0.1 M, pH = 7.5 and concentration of PBS: 0.1 M).

The ECL intensity of different steps was investigated to consider the stepwise assembly
procedure of the constructed immunosensor (Figure 2b). The bare GCE modified with
AuNS@g-CN nanosheets (GCE/AuNS@g-CN) showed a distinct cathodic ECL emission
observed at a potential around —1.2 V (blue curve), indicating good electron conductivity
of the GCE/AuNS@g-CN electrode [30,31]. Afterward, with the immobilization of anti-
Tau (GCE/AuNS@g-CN/anti-Tau) and BSA (GCE/AuNS@g-CN/anti-Tau/BSA), the ECL
intensities displayed a significant decrease due to an obvious decrease in conductivity
(respectively blue and green curves), suggesting the successful immobilization of these non-
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conductive biomolecules on the electrodes. When the GCE/AuNS@g-CN/anti-Tau/BSA
electrode was incubated with Tau protein, the ECL intensity decreased significantly due
to the steric hindrance of Tau protein (yellow curve). Without grafting of the anti-Tau
step on the electrode, whenever it was incubated with only Tau protein, the cathodic ECL
dropped slightly (purple curve), confirming the effective interactions between Tau protein
and anti-Tau. These results confirm the successful construction of the ECL sensor.

To investigate the effect of sensor construction steps on the electrode, the cyclic voltam-
metry (CV) voltammograms were recorded for each stage in the presence of redox standard
(details are provided in the ESM). As illustrated in Figure S3, a clear redox peak (black
curve) with the use of appeared when the bare GC electrode. The redox peak current
decreased moderately after the immobilization of the AuNSs@g-CN nanostructure (red
curve) on the electrode suggesting the high conductivity and active surface area of the
AuNSs@g-CN nanostructure. When anti-Tau (blue curve) and Tau protein (green curve)
were consecutively immobilized on GCE/AuNSs@g-CN, the redox peak currents dimin-
ished considerably due to the resistance of anti-Tau antibody and Tau protein [32].

3.3. Optimization of Experimental Parameters

Some experimental parameters were optimized to obtain high sensitivity in the ECL
determination of Tau. The five main optimized parameters include film formation tem-
perature of the AuNSs@g-CN nanostructure on cleaned GCE, buffer concentration, Tau
antibody concentration, immune reaction time and temperature between the antigen (Tau
protein), and the antibody (Tau antibody).

In our previous work, the optimum pH value for the GCE/AuNS@g-CN system,
amount of AuNSs@g-CN nanosheets, and the K»5,0g solution concentration were obtained
at7.5,10 uL, and 0.1 M, respectively.

To obtain a high and stable ECL emitter, the temperature for film formation of the
AuNSs@g-CN nanostructure on cleaned GCE was studied within the range of 2545 °C.
As illustrated in Figure S4, the ECL intensity increased with increasing the temperature
and finally reached a plateau at 40 °C; therefore, it was selected as the optimum film-
forming temperature.

The ECL intensity enhanced significantly with increasing the concentration of PBS
from 0.03 M to 0.15 M (Figure S5) and then remained constant beyond 0.1 M. Therefore, the
0.10 M PBS solution was used for all experiments.

A sufficient amount of antibody ensures the complete target analyte capturing on the
biosensor interface. As displayed in Figure S6, the ECL intensity decreased significantly
with increasing antibody concentrations and then reached a plateau at 7. 14 ng mL™!,
indicating immobilized antibody saturation.

Incubation temperature has a significant influence on antibody and antigen reaction
kinetics. According to Figure S7, for a specific amount of antigen, at the incubation
temperature of 37 °C, the ECL response was maximum which was chosen for the next tests.

The investigation of incubation time for the reaction of antibody and antigen (Tau
protein) reaction revealed that and 50 min was enough for the completion of the immune
reaction (Figure S8).

The stability of the ECL emitting materials is the most important parameter for an-
alytical application. Figure 3 show the ECL stability of the immunosensor response for
detecting 1 ng/mL of Tau protein. Under 10 cycles of a successive cyclic potential scan,
the ECL intensity was extremely stable, and the RSD was 3.3. Furthermore, when the
GCE/AuNS@g-CN immunosensor was stored at 4 °C, it was stable for more than 2 weeks,
and the ECL intensity was 97.4% of the original ECL value after 2 weeks.
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Figure 3. The stability of ECL response under 10 cycles of consecutive cyclic potential scan obtained
from GCE/AuNS@g-CN/anti-Tau/BSA /Tau protein system.

3.4. Analytical Performance

Under the optimized conditions, the ECL intensity of the immunosensor decreased
linearly with the increase of the Tau protein concentration (Figure 4a). The calibration plot
(Figure 4b) displays an excellent linear response over the range of 0.1-100 ng mL~!. The
regression equation was Y = —196.42X + 559.57 whit a correlation coefficient of 0.9934,
where Y was ECL intensity and X was the logarithm of the concentration of Tau protein
(ng mL~!). The LOD for Tau protein at a signal-to-noise ratio of 3 (S/N = 3) was 0.034 ng
mL~! which is less than levels of tau protein in serum samples [33]. These results highlight
that this ECL method can be successfully utilized to detect the crucial biomarker of AD in
plasma at low picomolar levels. Details of the percentage of variation in ECL intensity are
provided in Figure S9.

900 900

800 8004 b

Yy =-196.42x + 559.57

700 {
R2 = 0.9934

700

600 600 A

500 500 A

400 400 -

ECL intensity

300 300 1

ECL intensity (a.u.)
S

200 200 4
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0 T T T
-1 0 1 2 3
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Time (s) log (Tau protein concentration/ng.mL1)

Figure 4. (a) The ECL response of immunosensor for various concentrations of Tau protein, and
(b) Calibration curve. Error bars show the standard deviations for three replicates. (concentration of
K55,04: 0.1 M, pH = 7.5, and concentration of PBS: 0.1 M).

The specificity of the developed immunosensor for Tau protein determination was
investigated to survey its feasibility. Some possible interferences containing BSA, creatinine,
HER-2, and CD133 peptide were added to 1 ng mL~! of the Tau protein solution with a
concentration 100 times higher than Tau protein (the concentration of interferences were
100 ng mL~1). As displayed in Figure 5, the ECL response of the immunosensor for Tau in
the presence of interferences varied less than 5% of the response to pure Tau, suggesting
that the immunosensor has admissible specificity for the quantification of Tau protein in
serum samples.
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Figure 5. The ECL response toward different possible interferences (concentration of interferences
100 ng mL~1in the presence of 1 ng mL~! Tau protein).

The performance of the ECL immunosensor for the detection of Tau protein in real
serum samples was assayed by testing the specificity of the ECL immunosensor to potential
interfering materials. A solution containing 1 ng mL~! of tau protein and excess amounts
of interfering materials was prepared for each interfering material, such as common ions
(Na*, K*, Ca?t, Mg2+, 7Zn%*, Fe®*) and some biomolecule (alanine, glycine, tryptophan,
glucose, lactose and sucrose). Subsequently, its ECL signal was obtained. The tolerance
limit was taken as the concentration of the added species causing less than 5% relative error.
The tolerable molar ratios were over 100-fold for all tested interferents.

We further examined the accuracy of the ECL immunosensor using the area under
the receiver operating characteristic (ROC) curve (AUC), which is a general indication of
accuracy in a diagnostic test. The AUC of our ECL immunosensor was 0.972 (Figure S10),
indicating the favorable performance of this method.

The feasibility of the ECL immunosensor for the quantification of Tau protein biomarker
in serum samples was examined. Healthy human serum samples were spiked with differ-
ent concentrations of Tau protein, and then recovery studies were carried out. As shown
in Table 1, the ECL immunosensor displayed a good outcome (recoveries are in the range
of 94.48% to 108%, and all RSDs are lower than 5%), indicating that the proposed ECL
immunosensor provides a facile and inexpensive procedure for monitoring and predicting
of AD-using serum samples.

Table 1. Analytical results of the determination of Tau protein in human serum samples using the
proposed biosensor.

Sample Added (ng/mL) Found Recovery (%)
50 47.24 94.48
Serum 10 9.57 95.7
5 5.33 106.6
1 1. 08 108

4. Conclusions

For the first time, an ECL immunosensor is reported for the screening of Tau protein
(AD marker) in serum samples. CN nanosheets were decorated with AuNSs and used as
excellent ECL luminophores. In this system, small-sized AuNSs on the surface of g-CN
nanosheets played an important role in amplifying the ECL intensity and immobilizing the
antibody as an immunosensor recognition element. The resulting immunosensor illustrated
excellent sensitivity and great analytical performance and was successfully utilized for
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the quantification of Tau protein in real human serum samples. In the future, similar
non-spherical gold nanoparticle enhanced ECL sensors can be designed for detecting other
trace biomolecules.

Supplementary Materials: The following are available online, Materials, Synthesis of gold nanostars
and gold nanoparticls; Figure S1. TEM image of AuNP@g-CN nanostructure; Figure 52. UV-Vis
absorption spectra of colloidal solution of AuNSs and AuNSs@g-CN nanosheets; Figure S3. CV
curves for bare GCE electrode at difreent steps of sensor constructio; Figure S4. The effect of the
temperature on draying of AuNSs@g-CN nanostructure; Figure S5. The effect of PBS concentration
on the ECL intensity of GCE/AuNSs@g-CN; Figure S6. Effect of anti-Tau concentration on the ECL
intensity; Figure S7. Effect of temperature on the anti-Tau -Tau protein reaction kinetics; Figure S8.
Effect of incubation time on the anti-Tau -Tau protein reaction; Figure S9. ECL sensor signal change
percentage; Figure 510. Receiver operating characteristic (ROC) curve.

Author Contributions: This full manuscript was obtained from a joint effort of all authors. R.J.:
Conceptualization, formal analysis, writing—original draft preparation, investigation, visualization;
S.C.: methodology, software investigation; A.K.: Conceptualization, writing—review and editing,
supervision, project administration B.K.: validation, data curation; M.-R.R.: Conceptualization,
funding acquisition, supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the University of Tabriz for all the supports. This project was
ethically approved by the regional research ethic committee (IR TBZMED.REC.1400.751).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds AuNP@g-CN nanostructure is available from
the authors.

References

1.

Ameri, M.; Shabaninejad, Z.; Movahedpour, A.; Sahebkar, A.; Mohammadi, S.; Hosseindoost, S.; Ebrahimi, M.S.; Savardashtaki,
A.; Karimipour, M.; Mirzaei, H. Biosensors for detection of Tau protein as an Alzheimer’s disease marker. Int. ]. Biol. Macromol.
2020, 162, 1100-1108. [CrossRef]

Kim, S.; Wark, A.W.; Lee, H.]. Femtomolar Detection of Tau Proteins in Undiluted Plasma Using Surface Plasmon Resonance.
Anal. Chem. 2016, 88, 7793-7799. [CrossRef]

Li, D.; Scarano, S; Lisi, S.; Palladino, P.; Minunni, M. Real-Time Tau Protein Detection by Sandwich-Based Piezoelectric Biosensing:
Exploring Tubulin as a Mass Enhancer. Sensors 2018, 18, 946. [CrossRef]

Hun, X.; Kong, X. An enzyme linked aptamer photoelectrochemical biosensor for Tau-381 protein using AuNPs/MoSe2 as
sensing material. . Pharm. Biomed. Anal. 2021, 192, 113666. [CrossRef] [PubMed]

Kim, HJ.; Ahn, H.; Kim, H.; Park, D.; Lee, ].S.; Lee, B.C.; Kim, ].; Yoon, D.S.; Hwang, K.S. Nanoparticle-based multiplex biosensor
utilising dual dielectrophoretic forces for clinical diagnosis of Alzheimer’sdisease. Sens. Actuators B Chem. 2022, 355, 131288.
[CrossRef]

Wang, S.-Y.; Liu, Y.; Li, X.-M.; Algradi, A.M.; Jiang, H.; Sun, Y.-P.; Guan, W,; Pan, J.; Kuang, H.-X.; Yang, B.-Y. Discovery of
Active Ingredients Targeted TREM2 by SPR Biosensor-UPLC/MS Recognition System, and Investigating the Mechanism of
Anti-Neuroinflammatory Activity on the Lignin-Amides from Datura metel Seeds. Molecules 2021, 26, 5946. [CrossRef]
Khalilzadeh, B.; Rashidi, M.; Soleimanian, A.; Tajalli, H.; Kanberoglu, G.S.; Baradaran, B. Development of a reliable microRNA
based electrochemical genosensor for monitoring of miR-146a, as key regulatory agent of neurodegenerative disease. Int. J. Biol.
Macromol. 2019, 134, 695-703. [CrossRef] [PubMed]

Khalilzadeh, B.; Shadjou, N.; Charoudeh, H.N.; Rashidi, M.-R. Recent advances in electrochemical and electrochemiluminescence
based determination of the activity of caspase-3. Mikrochim. Acta 2017, 184, 3651-3662. [CrossRef]

Isildak, I.; Navaeipour, E; Afsharan, H.; Kanberoglu, G.S.; Agir, I.; Ozer, T.; Annabi, N.; Totu, E.E.; Khalilzadeh, B. Electrochemilu-
minescence methods using CdS quantum dots in aptamer-based thrombin biosensors: A comparative study. Microchim. Acta
2019, 187, 25. [CrossRef]


http://doi.org/10.1016/j.ijbiomac.2020.06.239
http://doi.org/10.1021/acs.analchem.6b01825
http://doi.org/10.3390/s18040946
http://doi.org/10.1016/j.jpba.2020.113666
http://www.ncbi.nlm.nih.gov/pubmed/33065402
http://doi.org/10.1016/j.snb.2021.131288
http://doi.org/10.3390/molecules26195946
http://doi.org/10.1016/j.ijbiomac.2019.05.061
http://www.ncbi.nlm.nih.gov/pubmed/31082423
http://doi.org/10.1007/s00604-017-2466-y
http://doi.org/10.1007/s00604-019-3882-y

Molecules 2022, 27, 431 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Han, S.; Zhao, Y.; Zhang, Z.; Xu, G. Recent Advances in Electrochemiluminescence and Chemiluminescence of Metal Nanoclusters.
Molecules 2020, 25, 5208. [CrossRef] [PubMed]

Zhang, J.; Jin, R; Jiang, D.; Chen, H.-Y. Electrochemiluminescence-Based Capacitance Microscopy for Label-Free Imaging of
Antigens on the Cellular Plasma Membrane. J. Am. Chem. Soc. 2019, 141, 10294-10299. [CrossRef] [PubMed]

Chenaghlou, S.; Khataee, A; Jalili, R.; Rashidi, M.R.; Khalilzadeh, B.; Joo, S.W. Gold nanostar-enhanced electrochemiluminescence
immunosensor for highly sensitive detection of cancer stem cells using CD133 membrane biomarker. Bioelectrochemistry 2021, 137,
107633. [CrossRef] [PubMed]

Hasanzadeh, M.; Solhi, E.; Jafari, M.; Mokhtarzadeh, A.; Soleymani, ].; Jouyban, A.; Mahboob, S. Ultrasensitive immunoassay of
tumor protein CA 15.3 in MCF-7 breast cancer cell lysates and unprocessed human plasma using gold nanoparticles doped on
the structure of mesoporous silica. Int. J. Biol. Macromol. 2018, 120, 2493-2508. [CrossRef]

Jo, S.; Sun, I-C.; Yun, W.S,; Kim, J.; Lim, D.-K.; Ahn, C.-H.; Kim, K. Thiol-Responsive Gold Nanodot Swarm with Glycol Chitosan
for Photothermal Cancer Therapy. Molecules 2021, 26, 5980. [CrossRef] [PubMed]

Khataee, A.; Jalili, R.; Dastborhan, M.; Karimi, A.; Azar, A.E.F. Ratiometric visual detection of tetracycline residues in milk by
framework-enhanced fluorescence of gold and copper nanoclusters. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 242,
118715. [CrossRef]

Mansouri, M.; Fathi, F; Jalili, R.; Shoeibie, S.; Dastmalchi, S.; Khataee, A.; Rashidi, M.R. SPR enhanced DNA biosensor for
sensitive detection of donkey meat adulteration. Food Chem. 2020, 331, 127163. [CrossRef] [PubMed]

Bahavarnia, F; Mobed, A.; Hasanzadeh, M.; Saadati, A.; Hassanpour, S.; Mokhtarzadeh, A. Bio-assay of Acintobacter baumannii
using DNA conjugated with gold nano-star: A new platform for microorganism analysis. Enzym. Microb. Technol. 2020, 133,
109466. [CrossRef]

Nair, A.K,; Nair, KM.S.; Thomas, S.; Rouxel, D.; Alwarappan, S.; Kalarikkal, N. In Situ Synthesis of Silver Nanospheres,
Nanocubes, and Nanowires over Boron-Doped Graphene Sheets for Surface-Enhanced Raman Scattering Application and
Enzyme-Free Detection of Hydrogen Peroxide. Langmuir 2018, 34, 13603-13614. [CrossRef]

Song, H.-M.; Wei, Q.; Ong, Q.K.; Wei, A. Plasmon-Resonant Nanoparticles and Nanostars with Magnetic Cores: Synthesis and
Magnetomotive Imaging. ACS Nano 2010, 4, 5163-5173. [CrossRef]

Sullivan, C.; Lu, D.; Brack, E.; Drew, C.; Kurup, P. Voltammetric codetection of arsenic(Ill) and copper(Il) in alkaline buffering
system with gold nanostar modified electrodes. Anal. Chim. Acta 2020, 1107, 63-73. [CrossRef] [PubMed]

Jimenez de Aberasturi, D.; Serrano-Montes, A.B.; Langer, J.; Henriksen-Lacey, M.; Parak, W.J.; Liz-Marzan, L.M. Surface enhanced
Raman scattering encoded gold nanostars for multiplexed cell discrimination. Chem. Mater. 2016, 28, 6779—-6790. [CrossRef]
Tao, D.; Shui, B.; Gu, Y.; Cheng, J.; Zhang, W.; Jaffrezic-Renault, N.; Song, S.; Guo, Z. Development of a Label-Free Electrochemical
Aptasensor for the Detection of Tau381 and its Preliminary Application in AD and Non-AD Patients’ Sera. Biosensors 2019, 9, 84.
[CrossRef] [PubMed]

Le, HT.N.; Cho, S. Sensitive Electrochemical Detection of Phosphorylated-Tau Threonine 231 in Human Serum Using Interdigi-
tated Wave-Shaped Electrode. Biomedicines 2021, 10, 10. [CrossRef]

Chen, L.; Zeng, X.; Si, P.; Chen, Y.; Chi, Y.; Kim, D.-H.; Chen, G. Gold Nanoparticle-Graphite-Like C3N4 Nanosheet Nanohybrids
Used for Electrochemiluminescent Immunosensor. Anal. Chem. 2014, 86, 4188-4195. [CrossRef]

Shirani, M.; Kalantari, H.; Khodayar, M.].; Kouchak, M.; Rahbar, N. A novel strategy for detection of small molecules based on
aptamer/gold nanoparticles/graphitic carbon nitride nanosheets as fluorescent biosensor. Talanta 2020, 219, 121235. [CrossRef]
[PubMed]

Khoury, C.G.; Vo-Dinh, T. Gold Nanostars For Surface-Enhanced Raman Scattering: Synthesis, Characterization and Optimization.
J. Phys. Chem. C 2008, 112, 18849-18859. [CrossRef] [PubMed]

Doustkhah, E.; Ide, Y. Bursting Exfoliation of a Microporous Layered Silicate to Three-Dimensionally Meso-Microporous
Nanosheets for Improved Molecular Recognition. ACS Appl. Nano Mater. 2019, 2, 7513-7520. [CrossRef]

Hao, E; Nehl, C.L.; Hafner, A.J.H.; Nordlander, P. Plasmon Resonances of a Gold Nanostar. Nano Lett. 2007, 7, 729-732. [CrossRef]
[PubMed]

Li, M.-X,; Feng, Q.-M.; Zhou, Z.; Zhao, W.; Xu, J.-].; Chen, H.-Y. Plasmon-Enhanced Electrochemiluminescence for Nucleic Acid
Detection Based on Gold Nanodendrites. Anal. Chem. 2018, 90, 1340-1347. [CrossRef]

Abolhasan, R.; Khalilzadeh, B.; Yousefi, H.; Samemaleki, S.; Chakari-Khiavi, F.; Ghorbani, E.; Pourakbari, R.; Kamrani, A.; Khataee,
A.; Rad, T.S.; et al. Ultrasensitive and label free electrochemical immunosensor for detection of ROR1 as an oncofetal biomarker
using gold nanoparticles assisted LDH/rGO nanocomposite. Sci. Rep. 2021, 11, 14921. [CrossRef]

Kajani, A.A.; Bordbar, A.-K.; Zarkesh-Esfahani, S.H.; Razmjou, A.; Hou, J. Gold/silver decorated magnetic nanostructures as
theranostic agents: Synthesis, characterization and in-vitro study. J. Mol. Liq. 2017, 247, 238-245. [CrossRef]

Karimi-Maleh, H.; Karimi, E; Fu, L.; Sanati, A.L.; Alizadeh, M.; Karaman, C.; Orooji, Y. Cyanazine herbicide monitoring as a
hazardous substance by a DNA nanostructure biosensor. |. Hazard. Mater. 2022, 423, 127058. [CrossRef] [PubMed]

Ding, X.; Zhang, S.; Jiang, L.; Wang, L.; Li, T.; Lei, P. Ultrasensitive assays for detection of plasma tau and phosphorylated tau
181 in Alzheimer’s disease: A systematic review and meta-analysis. Transl. Neurodegener. 2021, 10, 10. [CrossRef] [PubMed]


http://doi.org/10.3390/molecules25215208
http://www.ncbi.nlm.nih.gov/pubmed/33182342
http://doi.org/10.1021/jacs.9b03007
http://www.ncbi.nlm.nih.gov/pubmed/31180678
http://doi.org/10.1016/j.bioelechem.2020.107633
http://www.ncbi.nlm.nih.gov/pubmed/32891010
http://doi.org/10.1016/j.ijbiomac.2018.09.020
http://doi.org/10.3390/molecules26195980
http://www.ncbi.nlm.nih.gov/pubmed/34641524
http://doi.org/10.1016/j.saa.2020.118715
http://doi.org/10.1016/j.foodchem.2020.127163
http://www.ncbi.nlm.nih.gov/pubmed/32593037
http://doi.org/10.1016/j.enzmictec.2019.109466
http://doi.org/10.1021/acs.langmuir.8b02005
http://doi.org/10.1021/nn101202h
http://doi.org/10.1016/j.aca.2020.02.015
http://www.ncbi.nlm.nih.gov/pubmed/32200903
http://doi.org/10.1021/acs.chemmater.6b03349
http://doi.org/10.3390/bios9030084
http://www.ncbi.nlm.nih.gov/pubmed/31262001
http://doi.org/10.3390/biomedicines10010010
http://doi.org/10.1021/ac403635f
http://doi.org/10.1016/j.talanta.2020.121235
http://www.ncbi.nlm.nih.gov/pubmed/32887126
http://doi.org/10.1021/jp8054747
http://www.ncbi.nlm.nih.gov/pubmed/23977403
http://doi.org/10.1021/acsanm.9b01508
http://doi.org/10.1021/nl062969c
http://www.ncbi.nlm.nih.gov/pubmed/17279802
http://doi.org/10.1021/acs.analchem.7b04307
http://doi.org/10.1038/s41598-021-94380-5
http://doi.org/10.1016/j.molliq.2017.09.119
http://doi.org/10.1016/j.jhazmat.2021.127058
http://www.ncbi.nlm.nih.gov/pubmed/34488091
http://doi.org/10.1186/s40035-021-00234-5
http://www.ncbi.nlm.nih.gov/pubmed/33712071

	Introduction 
	Experimental 
	Synthesis of g-CN Nanzosheets 
	Synthesis of Gold Nanostars 
	Preparation of the AuNS Decorated g-CN Nanosheets (AuNS@g-CN Nanosheets) 
	Fabrication of ECL Immunosensors 

	Results and Discussion 
	Synthesis of AuNS@g-CN Nanostructures 
	ECL Behaviors and Feasibility 
	Optimization of Experimental Parameters 
	Analytical Performance 

	Conclusions 
	References

