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Abstract: Neuron-specific enolase (NSE) has gained extensive attention as a reliable target for detect-
ing small cell carcinoma of lungs. In this paper, an electrochemical immunoassay method based on
molybdenum disulfide (MoS,) is proposed to detect NSE sensitively. By an in-situ growth method,
MoS; and Au nanoclusters (Au NCs) were composited to form a MoS,@Au nanozyme, and then
the secondary antibodies were modified. Primary antibodies were immobilized on amino-reduced
graphene oxides to capture NSE. The flower-like MoS; nanozyme provided abundant sites to load
Au NCs and catalyze the decomposition of HyO,, which were beneficial to amplify an amperometric
response as well as build up sensitivity. Under optimum conditions, the detection range of this
strategy was 0.1 pg-mL~'-10 ng-mL~! and the limit of detection was 0.05 pg-mL~!. This sensing
strategy achieved the prospect of sensitively detecting NSE. Moreover, the prepared electrochem-
ical immunosensor provides a theoretical basis and technical support for the detection of other
disease markers.

Keywords: molybdenum disulfide; nanozyme; neuron-specific enolase; electrochemical immunosensor;

detection

1. Introduction

According to global cancer data compiled by the international agency for research on
cancer of the World Health Organization, there were 19.29 million new cancer cases around
the world in 2020. Lung cancer has a high incidence and ranks first among all cancer cases.
The proportion of early-onset cancers has been on the rise since 1990. The low cure rate of
cancer is mainly due to late clinical diagnosis, and it is extremely difficult for patients in
the advanced stage of cancer to be completely cured. Therefore, early diagnosis and the
treatment of cancer is a key factor in reducing fatality rates. Tumor markers as biomarkers
are very important for the early diagnosis of cancer. Lung cancer, with a high fatality rate, is
mainly divided into small cell carcinoma of the lung (SCLC) and non-small cell carcinoma
the lung (NSCLC) [1]. SCLC is an invasive neuroendocrine tumor with the characteristics
of rapid proliferation, swift division, and poor prognosis, resulting in a low early cure
rate of SCLC patients [2—4]. Therefore, early diagnosis is expected to improve the survival
rate of SCLC patients. Neuron-specific enolase (NSE) is a unique type of acidic protease
produced by neurons and neuroendocrine cells, and its normal level is 4-12 ng-mL~! in
human serum [5-7]. The concentration of NSE in human serum can distinguish SCLC from
NSCLC and be adjunctive to clinical treatment in certain circumstances [8]. Therefore, the
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rapid and accurate detection of NSE is of great significance for the diagnosis and therapy
of lung cancer.

At present, the detection methods of NSE mainly include electrochemical analysis [9],
colorimetry [10], fluorescence analysis [11], liquid chromatography-tandem mass spec-
trometry [12], surface-enhanced Raman scattering [13], and immunochromatographic [14].
Xu et al. [15] designed a colorimetric analysis strategy to detect NSE, employing MnO, as
label materials. MnO, catalyzed the oxidation of 3, 3/, 5,5'-tetramethylbenzidine (TMB)
and gained blue oxidation products. In the light of this color reaction, visual detection of
NSE was realized. Gao et al. [13] introduced sandwich nanoparticles as surface enhanced
Raman scattering probes, which improved the stability of bare gold nanoparticles and
significantly improved the sensitivity in measuring actual samples. Xiao et al. [14] proposed
an immunochromatographic analysis platform that consisted of quantum dot beads and
nitrocellulose membranes to quantify NSE and CEA. The sensitivity of NSE detected by
this method was up to 97%. Among them, electrochemical immunosensors attracted more
attention from researchers on account of their merits, such as high specificity, fine accuracy,
and satisfactory stability [16]. The mechanism of the immunosensor for detecting NSE
is that the output signal can be recorded before and after the specific recognition of the
target through the sensor. In recent years, the performance of sensors has been greatly
improved owing to the application of functionalized nanomaterials. An immunoassay
strategy was proposed based on nitrogen-doped carbon quantum dots (N-CQDs) which
were prepared by hydrothermal carbonization. Reduced graphene oxide (rGO) modified by
N-CQDs effectively enhanced the luminescence intensity and improved the performance of
the immunosensor in measuring NSE [17]. Tang et al. designed N atom-doped graphenes
(NGR) functionalized with hollow porous Pt-skin Ag-Pt alloy as a signal amplification
platform [18]. The signal was amplified by the hollow Pt skins with abundant active sites
and NGR with well-catalytic activity. Electrochemical immunosensors are more prominent
in NSE detection because of their advantages of high sensitivity, simple operation, and
simple equipment. Amani et al. [19] synthesized poly p-phenylenediamine and graphene
(PPD-GR) nanocomposites for fabricating sensors. PPD-GR nanocomposites were modi-
fied in screen-printed electrodes and then PPD-GR electro-catalyzed oxidation of ascorbic
acid (AA) to amplify signal amplification. With high catalytic activity, PtCu nanoparticles
were utilized to catalyze the reaction of iodide and trigger cascade reactions, which could
improve the performance of immunosensors. Due to the PtCu nanoprobe reducing the
concentration of iodide in the solution, mercaptan substances in the electrode surface can-
not be catalyzed, resulting in an increase of the SWV signal. On the grounds of the above
mechanism, the immunoassay of NSE was realized. [20]. Yu et al. [21] obtained single-
walled carbon nanotubes-NSE (NSE-SWNTs) by immobilizing NSE in single-walled carbon
nanotubes (SWNTs) with ample antigen domains. When specific recognition occurred, free
NSE and NSE on NSE-SWNTs competed with NSE-Abq, which resulted in a difference in
the amount of anti-NSE-Ab; labeled by an enzyme on the electrode, leading to the change
of electrochemical signals. Given the above research, the application of nanomaterials was
crucial to improving the practicability and sensitivity of the sensors in the analysis and
detection of targets.

As a kind of special nanomaterials, nanozymes can mimic the activity of natural
enzymes and possess better application prospects than other nanomaterials in sensing
analysis, antibacterial performance, and other fields [22,23]. In addition, the activity of
nanozymes can be controlled by changing the size, morphology, and surface modification
of nanozymes. Nanozymes are favored by researchers for their outstanding environmental
adaptability, fine stability, and low cost [24,25]. Zhou et al. [26] prepared Cu/N co-doped
carbon-based nanozymes (Cu/N NS) by calcination, which catalyzed the decomposition
of HyO; and obtained superoxide radicals that could oxidize TMB to oxTMB in blue. A
multi-enzyme cascade colorimetric sensing platform was designed based on a complex
consisting of Cu/NC NS, (3-galactosidase, and galactose oxidase. Wang et al. [27] prepared
a hollow porous carbon-frame (Au/Co@HNCF) nanozyme modified with Au/Co bimetal-
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lic nanoparticles from zeolite imidazole frame-67 (ZIF-67) etched by pyrolytic Au (III).
Au/Co NPs with excellent uric acid (UA) oxidase activity catalyzed the oxidation of UA,
leading to significant changes in the electrochemical signal. Remarkably, the layered and
ordered porous carbon structure and interface characteristics showed high selectivity in
detecting UA in complex environments. Therefore, the constructed electrochemical analysis
platform based on Au/Co@HNCEF realized the sensitive detection of UA. Yang et al. [28]
proposed a dual-model analysis strategy based on a bismuth-based MOF (BiO-BDC-NHy)
nanozyme for the detection of trace/ultra-trace Cr®*. The BiO-BDC-NH, nanozyme with
peroxidase-like activity could effectively build up the properties of surface adsorption and
electron conversion, which was beneficial to efficiently catalyzing the color reaction of a
TMB-H,0, system. As TMB was oxidized, the color of the solution became darker. Accord-
ing to this change, a colorimetric detection platform was established. In the meantime, the
electrochemical signal decreased as a result of the oxidization of TMB, which accomplished
a transformation from the visual colorimetric analysis platform to the electrochemical anal-
ysis platform. Bi et al. [29] designed a boron-doped graphdiyne (B-GDY) nanozyme as an
effective bactericidal agent. The change of the mimic activity of B-GDY was mainly related
to B doping. The change of the GDY electron cloud distribution was in favor of the rapid
transfer of electrons to HyO,, which caused the O-O bond to break easily. The introduction
of B atoms increased the number of defect sites of GDY and improved the adsorption
properties of hydroxyl radicals. Therefore, B-GDY could produce reactive oxygen species
(ROS) efficiently to achieve bacteriostasis. Analogously, ¢OH was produced in the process
of glutathione decomposition catalyzed by the PdFe/GDY complex nanozyme, which
effectively inhibited bacterial proliferation [30]. Biocompatibility is one of the problems
that limit the further application of nanozymes.

It was reported that a molybdenum-based nanozyme is the key to solving this problem.
In recent years, based on the strength of the multi-phase and polyvalence characteristics
of molybdenum-based nanomaterials, researchers have gradually applied them to catal-
ysis, energy storage, sensing, and other fields [31,32]. As the typical molybdenum-based
nanomaterials, molybdenum disulfide (MoS,) consisting of vertically stacked S—-Mo-S
interlayers possesses a graphene-like 2D layered structure [33]. Owing to the weak interac-
tion forces between the interlayers, MoS; is easily stripped into thin layers and facilitates
modification [34]. MoS, owns multi-enzyme activities, which can catalyze diverse reactions
of different substrates [35]. Furthermore, abundant dangling bands at the edge of MoS,
are capable of providing plentifully active sites [36,37]. Benefiting from excellent biocom-
patibility, low levels of toxicity, and wonderfully enzyme-like activity, MoS, is favored
by researchers in the fields of sensors and tumor therapy [38,39]. Ma et al. [40] employed
ultra-thin 2H-MoS, /Co304 nanocomposites to detect nitroaromatic compounds. Ultra-thin
2H-MoS; possessed a nitroreductase-mimicking activity. After the modification of CozO4
nanosheets, the oxygen vacancy of 2H-MoS, /Co3z04 was increased, thus improving the
nitroreductase-like activity. 2H-MoS, /Co30, provided the basis for the fabrication of an
electrochemical sensor. Zhang et al. [41] fabricated an aptamer sensor, applying MoS;
quantum dots and Cu nanowires composites (MoS, QDs@Cu NWs) as the labeled mate-
rials to detect amyloid-beta oligomers (ABO). When AO was not present, MoS, QDs as
bio-enzymes catalyzed the reaction of produce 4-chloro-1-naphthol, producing precipitates,
which significantly reduced photocurrents. Cu NWs, as an LSPR sensitizer, and MoS,; QDs
amplified the signal together. The tubular C@MoS, nanozyme owned a fine oxidase-like ac-
tivity [42]. Because of Hg-S chelation, the C@MoS, nanozyme possessed an Hg?*-enhanced
oxidase-like activity. Based on this mechanism, C@MoS, was used to construct a colorimet-
ric sensing strategy to detect Hg?*. Zhang et al. [43] proposed a cascade platform based on
antioxidant MoS, nanosheets to inhibit the production of ROS and effectively alleviate the
process of hepatic fibrosis. MoS,, which mimics the activity of multiple enzymes, could
block the transfer of electrons from cytochrome c to H;O, and remove excess ROS under
pathological conditions. Therefore, the MoS; nanosheets reduced cell damage caused by
ROS. MoS; loading in carbon nanotubes (CNTs@MoS, NSs) combined with hydrogels to
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inhibit the reproduction of bacteria and promote wound healing [44]. The application of
CNTs and near-infrared light treatment significantly increased the peroxidase activity of
MoS; NSs, resulting in the enhancement of antibacterial performance. In addition, because
of the superoxidase-like activity and catalase-like activity of the nanozyme, Mo$S; catalyzed
the generation of O,, which was of benefit to effectively promote wound healing.

In this study, a MoS,@Au complex nanozyme was successfully synthesized for the
detection of NSE. The NSE secondary antibody (Ab,) was coupled with the MoS,@Au
nanozyme to form a MoS;@Au-Ab; bioconjugate by electrostatic interaction between
Au and the amino group. A sandwich-type immunosensor was fabricated, in which an
NSE primary antibody (Ab;) was immobilized on the rGO-tetraethylene pentamine (rGO-
TEPA) bound in the electrode. Whereafter, NSE and the MoS,@Au-Ab; bioconjugate was
successively modified on the electrode with antigen—antibody reaction. Ultimately, the
performance of the immunosensor was measured through catalytic signals toward H,O,.
Applications of the MoS,@Au nanozyme amplified the current response, and rGO-TEPA
provided abundant sites to anchor Ab;. The constructed immunosensor with fine selectivity
and reproducibility provided potential applications for the sensitive detection of other
disease markers.

2. Materials and Methods
2.1. Apparatus and Reagents

NSE and NSE antibodies were purchased from Linc-Bio Science Co. Ltd. (Shanghai,
China). Reduced graphene oxide-tetraethylene pentamine (rGO-TEPA) was purchased
from XFNANO Nanotechnology Co., Ltd. (Nanjing, China). Bovine serum albumin (BSA)
was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). HAuCly-4H,O,
NaBHy, (NH4)sMo07074-4H50O, glutaraldehyde (GA), polyvinylpyrrolidone K30 (PVP),
and thiourea (CH4N;S) was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

Electrochemical measurements were performed on a CHI760E electrochemical work-
station (Chenhua Instruments Shanghai Co., Ltd., Shanghai, China). X-ray diffraction pat-
terns (XRD) were obtained by the X-ray Powder Diffractometer (Rigaku, Japan). Scanning
electron microscopy (SEM) images and energy dispersion spectrum (EDS) were acquired
using a field emission SEM (ZEISS, Oberkochen, Germany).

2.2. Synthesis of MoS, and MoS,@Au Nanozyme

Firstly, the MoS; nanozyme was prepared through a hydrothermal process in the light of
the reported literature with some modifications [45]. Firstly, 1.05 g of (NH4)sMo0;074-4H,0
and 2.28 g of CH4N,S was dissolved in 30 mL deionized water, and then the mixture
solution was transferred into a 50 mL Teflon-line autoclave. After 10 h of reaction at 180 °C,
the autoclave cooled to room temperature. The final product was washed with water and
ethanol successively. Additionally, it was collected after drying in a vacuum overnight.

Secondly, the MoS,@Au nanozyme was prepared by referring to the literature [46].
A total of 2 mg of MoS; and 12 mL of ethanol containing 0.6 g of PVP were mixed. Af-
ter sonicating for 0.5 h, HAuCly-4H,O (500 nL, 0.02842 mol-L~!) and NaBHj, (500 uL,
0.06 mol-L 1) were introduced into the above solution under magnetic agitation. Thirty
minutes later, the MoS,@Au nanozyme was washed with ethanol.

2.3. Fabrication of the Immunosensor

The preparation process of the MoS,@Au-Ab; bioconjugate is shown in Scheme 1A.
Ab; (200 uL, 10 pg-mL’l) was introduced into 2 mL of a phosphate buffered solution (PBS,
pH 7.4) which dispersed with 4 mg of MoS,@Au. After incubation at 4 °C for 12 h, the
MoS,@Au-Ab; bioconjugate was washed at 4 °C. The obtained precipitate was redispersed
in 2 mL of PBS. Moreover, the mixture was stored at 4 °C.
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Scheme 1. Schematic diagram for the preparation of the MoS,@Au-Ab, bioconjugate (A) and

B
fabrication of the electrochemical immunosensor (B).

The fabrication process of the immunosensor is shown in Scheme 1B. First of all,
aluminum oxide powder, with sizes of 1.0, 0.3, and 0.05 um, was employed to polish
glassy carbon electrodes (GCE), while rinsing the powder off GCE with ultrapure water.
Subsequently, the bare GCE was modified by rGO-TEPA suspension (6 pL). A total of
40 min later, GA (6 pL, 2.5%) was dropped onto the modified GCE and kept for 1 h.
Afterward, Ab; (6 uL, 10 ug-mL’l) was introduced onto the above modified GCE, while
incubating at 4 °C for 1.5 h. After that, 1% BSA was present on the surface of electrodes
to stem the nonspecific binding sites. After reacting at 4 °C for 1 h, the electrodes were
modified by different concentrations of NSE and stored at 4 °C for 2 h. Ultimately, the
MoS,@Au-Ab, bioconjugate was introduced onto the surface of the modified electrodes
with incubating at 4 °C for 2 h. Whereafter, the electrodes were rinsed and then dried for
measuring subsequently.

2.4. The Detection of NSE

In all of the electrochemical measurements, this work adopted a conventional three-
electrode system, consisting of a modified GCE with a diameter of 4 mm, a saturated
calomel electrode, and a platinum wire, which was used as the working electrode, the
reference electrode, and the counter electrode, respectively. A total of a 5.0 mmol-L~1
of [Fe(CN)¢]>~/#~ solution with 0.1 mol-L~! KCI was employed to measure the electro-
chemical impedance spectroscopy (EIS). The amperometric responses were recorded by
amperometric i-t curve. After stabilization of the background, 5 mmol-L~! of H,O, was
introduced into the PBS under stirring, while recording the current response.

3. Results and Discussion
3.1. Characterization of MoS, and MoS,@Au Nanozyme

The XRD result of the prepared MoS, is exhibited in Figure 1A. The diffraction peak at
32.6° and 58.3° corresponded to (100) and (110) crystal planes, respectively, which belonged
to hexagonal MoS, (JCPDS 37-1492) [47-49]. In addition, the morphology of MoS; was
characterized by SEM. Observed from Figure 1B, the MoS, nanoflowers were stacked
by MoS; nanosheets. The flower-like MoS; also had some stacking. Flower-like MoS,
provided abundant sites to load Au nanoclusters (Au NCs) and catalyze the decomposition
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of HyO,. The raspberry-like Au NCs are exhibited in Figure 1C. Au NCs anchored on the
MoS; nanozyme were composed of Au nanoparticles. In addition, the diameter of Au
NCs ranged between 45 nm and 100 nm, which were employed to immobilize Ab,. As
shown in Figure 1D(1-3), three elements were presented in the sample: Mo, S, and Au.
Figure 1C-E clearly show that the three elements were distributed evenly in the complex
nanozyme. In brief, the above analyses demonstrated that the MoS,@Au nanozyme was
synthesized successfully. Moreover, the characterization of the peroxidase-mimetic activity
of MoS,@Au and the i-t curve are shown in Figure S1.

Intensity

100 nm

10 20 30 40 50 60 70 80
2-Theta (degree)

Au Au

PO T O O 0 0 0 A 0 8 0 O 0 O e OO TP O O e 0 Ok

La
Key

0 2 3 - 5 6 7 9

Figure 1. XRD pattern (A) and SEM (B) of the MoS; nanozyme; SEM (C) and EDS mapping images
of the MoS,@Au nanozyme (D), (1-3); EDS spectrum of the MoS,@Au nanozyme (E).

3.2. Optimization of Experimental Conditions

In order to obtain the optimum analytical performance of the immunosensor, this
work optimized the pH of the PBS solution (4.5, 5.7, 6.6, 7.4, and 8.3), the concentration
of rGO-TEPA (0.5, 1.0, 1.5, 2.0, and 2.5 mg-mL’l), and the incubation time of the NSE
antibody and NSE (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 h). In the process of optimization, the
immunosensors were fabricated with 1 ng-mL~! of NSE. Under acidic conditions, MoS,
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owns a fine electrocatalytic activity; however, the NSE and NSE antibody can only maintain
excellent stability under near-neutral conditions [31]. In order to obtain the optimal pH
value, a PBS buffer solution in the pH range of 4.5 to 8.3 was configured for detecting
NSE. The measuring result is shown in Figure 2A, and the optimum amperometric re-
sponse occurred at pH 5.7. Hence, a PBS buffer solution with pH 5.7 was selected for the
subsequent study.

35 35
304 — A 30- B
< 251 2 5]
£ 201 £
E g 20+
Q 15+ § 151
1 .
§ 10- T
5-
4 5 6 71 8 9 05 10 15 20 25
pH Concentration, mg mL™"
35 35
C 30 D
301
< 25
: 1
T 251 < 201
g =
£ = 151
. =
g 20 2 101
15 f/ — 51
T T T T T T 0 T T T T
05 1.0 15 20 25 3.0 0 2 4 6 8 10
Time, h Concentration, mmol mL"

Figure 2. Effects of the pH value of PBS (A), the concentration of tGO—TEPA (B), the incubation time
(C), and the concentration of HyO, (D) on the current responses of the immunosensor. Error bar = SD
(n=5).

The amount of rGO-TEPA modified on the GCE is also a significant factor in current
responses. Observed from Figure 2B, as the concentration range is between 0.5 mg-mL !
and 2.5 mg-mL~!, the current responses possessed a peak value, appearing at 1.0 mg-mL 1.
This may be attributed to the outstanding capability of electron transfer at 1.0 mg-mL 1.
Hence, 1.0 mg-mL~! of rGO-TEPA was chosen for measurement throughout this research.

Moreover, the incubation time of NSE and the detector antibody also was investigated
in this work. Figure 2C shows that amperometric responses gradually increased with
the incubation time ranging from 0.5 h to 2.0 h. Nevertheless, amperometric responses
decreased inch by inch at an incubation time ranging from 2.0 h to 3.0 h. Based on the
above results, an incubation time of 2.0 h was chosen for follow-up testing. Addition-
ally, the impact of varying concentrations of both H,O, and Au NPs was investigated
(Figures 2D and S2). The results have demonstrated that the optimal concentrations of
H,0, and Au NPs were 5 mmol-mL~! and 28.42 mmol-mL}!, respectively.

3.3. Characterization of the Immunosensor

Observed from Figure 3, EIS spectrum was composed of two parts: the semicircle
portion was on behalf of the electron transfer limited process, and the linear portion repre-
sented the diffusion limited process. [50,51]. Compared with the undecorated electrode
(curve a), the resistance of GCE decorated by rGO-TEPA (curve b) was barely changed,
which indicates that rtGO-TEPA scarcely impeded the electrode conductivity. The SEM
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analysis of both the bare GCE and rGO-TEPA modified GCE was utilized to confirm the
successful modification of rGO-TEPA, as shown in Figure S3. After GA was modified on
the electrode (curve c), the resistance increased because of the ability to block the electron
transfer of GA. Subsequently, the resistance further increased with the immobilization of
Ab; (curve d) by the reaction between amino groups which, respectively, belonged to GA
and Ab;. Afterward, the resistance was increased for introducing BSA (curve e). When
the Ab; captured the NSE (curve f), the resistance increased significantly, proving that the
protein greatly hindered the transfer of electrons. In the end, owing to the outstanding ca-
pability of MoS;@Au, the resistance decreased with the modification of the MoS,@Au-Ab,
bioconjugate (curve g).

100 200 300 400 500 600 700
Z', ohm
Figure 3. EISrecorded from 1 to 10° Hz for bare GCE (a), GCE/rGO—TEPA (b), GCE/rGO—TEPA /

GA (c), GCE/rGO—TEPA/GA/Ab; (d), GCE/rGO—TEPA/GA/Ab; /BSA (e), GCE/rGO—TEPA/GA/
Aby /BSA/NSE (f), and GCE/rGO—TEPA/GA/Ab; /BSA/NSE/MoS,@Au—Abs (g).

Under optimum conditions, a suite of electrochemical immunosensors was constructed
to detect different concentrations of NSE. Electrochemical signals of the immunosensor
were researched through adding the H,O, into a continually stirring buffer. Observed
from Figure 4A, as the NSE concentration increased, the amperometric responses increased.
This could be attributed to the greater concentration of NSE and the more MoS,@Au-
Ab, bioconjugate modification on the electrode through antigen- and antibody-specific
binding. Observed from Figure 4B, the current signal exhibited a linear relation toward
the logarithmic value of NSE concentrations varying from 0.1 pg-mL~! to 10 ng-mL~!. I
regression equation was I = 3.07 1gc + 31.79, and the correlation coefficient was 0.998. The
low limit of detection (LOD) was 0.05 pg-mL~!, according to the definition of the detection
limit prescribed by the International Union of Pure and Applied Chemistry (IUPAC) [52].
The calculation could be acquired from the SI. Observed from Table 1, compared with
the reported methods, this proposed strategy exhibited satisfactory performances, such
as a lower LOD and reasonable sensitivity. This may be mainly ascribed to the following
reasons. In the beginning, a mass of Ab; can be immobilized due to abundant amino groups
on rGO-TEPA [51]. Additionally, the MoS;@Au nanozyme provides ample sites to bind
with Ab;. Moreover, an unexceptionable capability in decomposing H,O, is conducive to
improving the sensitivity of immunosensors.
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Figure 4. Current responses of the proposed immunosensor toward different concentrations of NSE
(A): a—g: 0.0001, 0.001, 0.01, 0.05,0.1, 1, and 10 ng-rnL_1 ; calibration curve of the immunosensor to-
ward different concentrations of NSE (B). Selectivity of the immunosensor for the detection of NSE (C):
NSE (a); NSE + CEA (b), NSE + cyfra21-1 (c), NSE + BSA (d), and NSE + CEA + cyfra21-1 + BSA (e).
Stability of the immunosensor (D). The values of (B-D) are absolute values. Error

bar =SD (n =5).



Chemosensors 2023, 11, 349 10 of 14
Table 1. The proposed immunosensor compared with other methods in detecting NSE.
Method Technique Type Sample LI(E?;IET;’)‘I"E LOD (pg-mL-1) Selectivity Ref.
Photoelectric immunosensorbased o by, cjoctric analysis a0l free NSE 0.01-100 2.49 PSA, CEA, cTnl (53]
TiO, /CdS immunosensor
Fluorescent method based on Sandwich-tvpe
immunochromatographic test strip and ~ Fluorescence analysis . P NSE 5-50 42.6 PSA, CA72-4, AFP [14]
immunosensor
quantum dot beads
Electrochemical immunosensor based .
on Au-silica Electrochemical _ Label-free NSE 0.1-2000 50.0 — [54]
. analysis immunosensor
nanocomposite
Photoelectrochemical immunosensor
based on MoS, Photoelectrochemical Label-free AFP, CEA, PSA, LAD,
nanosheets integrated with gold analysis immunosensor NSE 0.005-1.5 3.50 GST [55]
nanostars
Photothermal immunoassay based on .
. Photothermal Sandwich-type L-Cys, Gly, Glc, HSA,
prussiah . analysis immunosensor NSE 0-1-100 530 collagen, IgG (561
blue nanoparticles-loaded liposomes
Electrochemical immunoassay based on Electrochemical Sandw1ch-type NSE 0.0001-10 0.05 CEA, BSA cyfra21-1 This paper
immunosensor

MoS;@Au nanozyme.

analysis
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3.4. Reproducibility, Selectivity and Stability

In the case of evaluating the reproducibility of the proposed immunoassay, five
immunosensors were fabricated to measure 1 ng-mL~! NSE under identical conditions.
The relative standard deviation (RSD) of the current response for the above immunosensors
was 1.51%, which demonstrated that the prepared immunosensor possessed satisfactory
reproducibility.

The cytokeratins21-1 (cyfra21-1), carcinoembryonic antigen (CEA), and BSA were
employed as interferences for the purpose of evaluating the selectivity of the proposed
immunosensor. In the process of this measurement, 0.1 ng-mL~! NSE with a 10 ng-mL !
interference was detected, and the results are exhibited in Figure 4C. Moreover, the response
to 10 ng-mL ! interferences is shown in Figure S4. The current responses varied between
2% and 5%, demonstrating that the selectivity of this strategy was quite well.

The Stability of the proposed immunosensor was tested. As shown in Figure 4D, after
12 h at 4 °C, the amperometric response clearly decreased. However, the amperometric
response decreased tardily as the storage time increased, and 48 h later, the amperometric
response dropped to 87% of the initial amperometric response. Those above showed that
the immunosensor owned certain stability in 48 h.

3.5. Detection of NSE in Serum Samples

The concentration of NSE in the human serum sample was measured through the
standard addition method for evaluating the practicability of the proposed immunosensor.
The obtained serum sample was diluted 20 times with a PBS solution (pH = 7.4). Observed
from Table 2, the recovery was from 97.6% to 99.9% and the RSD ranged from 1.48% to
3.35%, manifesting that the proposed immunosensor was expected to monitor real samples.

Table 2. Detecting concentrations of NSE in the serum sample.

Concentra't on The Addition The Detection
of NSE in RSD o
Content Content o Recovery (%)
Serum Sample (ng-mL-1) (ng-mL-1) (%)
(ng-mL—1) g 4
0.97, 0.96, 1.00,
0.50 5 512’022 ,4160; 53 3.35 97.6
0.51 2.00 R 1.48 99.9
8.00 2.55,2.48 1.64 98.9
’ 8.55, 8.35, 8.47, ’ ’
8.22,8.53

4. Conclusions

In brief, a sandwich-type immunosensor which employed the MoS,@Au nanozyme
was constructed to achieve sensitivity detection of NSE. The rGO-TEPA offered luxu-
riant sites for immobilizing enough Ab;. Furthermore, the catalase activity and struc-
tural properties of MoS; efficiently amplified the amperometric response as well as en-
hanced the sensitivity of the proposed strategy. Under optimal experimental conditions,
the linear detection range was 0.1 pg-mL~!-10 ng-mL~!, and regression equation was
I=3.071gc + 31.79, with a correlation coefficient of 0.998. This immunosensor possessed
low LOD (0.05 pg-mL~1), high interference resistance, and outstanding reproducibility,
which is expected to be applied to the early diagnosis of NSE. Furthermore, the proposed
immunosensor holds tremendous promise for determining other disease markers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors11060349/s1. Figure S1: (A) UV —vis absorption
spectra of TMB with different substrates. (B) The i—t curve of 0.5 mg-mL~! MoS,@Au; Figure S2:
Effect of the concentration of Au NPs on the current responses of immunosensor; Figure S3: The SEM
of bare GCE (A) and rGO—TEPA /GCE (B—C); Figure S4: The response of immunosensor in detecting
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interference: (a) 10 ng-mL*1 CEA; (b) 10 ng-mL*1 cyfra21—1; (c) 10 ng-mL*1 BSA; (d) 10 ng~mL*1
CEA + 10 ng-mL~! cyfra21—1 + 10 ng-mL~! BSA. Calculation of detection limit.
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