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A B S T R A C T

Leptin is a vital biomarker of non-alcoholic fatty liver (NAFLD), and its evaluation of the concentration level in
vivo is of great significance to NAFLD diagnosis. Therefore, it is pressing to develop a method for rapid and
sensitive detection of leptin. This paper describes an environmentally friendly and label-free immunosensor
based on porous graphene functionalized black phosphorus (PG-BP) composite to detect of leptin. The PG-BP
was synthesized via strong coherent coupling between porous graphene (PG) surface plasmons and anisotropic
black phosphorus (BP) localized surface plasmons, which made the electrochemical performance of PG and BP
synergistic as well as increased the stability and conductive capability of BP material. The PG-BP modified
electrodes was further prepared by gold nanoparticles, cysteamine, and glutaraldehyde in turn. Due to the cross-
linking effect of glutaraldehyde, anti-leptin can be firmly fixed. These properties of the platform improved the
conductive capability of the immunosensor and enhanced the load capacity of the proteins, thereby, the sen-
sitivity of the immunosensor was significantly increased. Under the optimal conditions, the proposed im-
munosensor exhibited a wide linear range of 0.150–2500 pg/mL with a low detection limit of 0.036 pg/mL. The
leptin immunosensor displayed excellent selectivity and anti-interference ability, which could be used for early
screening and diagnosis of clinical NALFD.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a clinical pathological
syndrome, which show up as fatty deposition and hepatic lobular le-
sions in the liver caused by other factors except for excessive drinking
(Rinella and Sanyal, 2016). Thus, realizing the early screening and di-
agnosis of NAFLD is vital for metabolic health and prevention of mul-
tisystem diseases. Currently, those methods that are commonly used
remains deficient (Alkhouri et al., 2010; Zhou et al., 2018). For in-
stance, the liver biopsy (Byrne and Targher, 2016) is an unrealistic
screening tool for large high-risk obese people due to the high risk, high
cost and various other shortcomings of liver biopsy techniques, the
sensitivity of routine liver function blood tests (Chalasani et al., 2012) is
not enough and ultrasound examinations (Rau et al., 2015) cannot
prompt the diagnosis of pathological anatomy. Above all, and with the

development of biomarker research in context, it is urgent to start from
the pathological mechanism of NAFLD to find a related substance in vivo
as a diagnostic index of NAFLD, so as to construct a method that can
effectively and practically detect and diagnose NAFLD.

As a vital potential biomarker of NAFLD, leptin is of great sig-
nificance for the NAFLD (Jenkins et al., 1997; Pérez-Pérez et al., 2017),
which was used to diagnose NAFLD based on the serum concentration
in this study. To date, the detection of leptin typically rely on Radio
immunoassay, Enzyme-linked immunosorbent assays, Immuno-
fluorescence assay and so on (Kim and Son, 2016; Schmidt et al., 2016;
Stannus et al., 2013; Ye et al., 2016), which have good sensitivity and
specificity. However, there are some restrictions and limitations with
these detection methods, such as the expensive equipment and cum-
bersome procedures. Therefore, the development of a convenient, ef-
ficient, sensitive and cost-effective method for leptin detection has been
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brought into focus. Because the electrochemical immunosensor com-
bines the specificity and affinity of the antibody-antigen reaction and
the high sensitivity, low cost, high efficiency and portability of the
electrochemical technique, it has attracted much attention in the field
of clinical disease diagnosis. Sun et al., (2018), developed an electro-
chemical immunosensor for early screening of depression marker-heat
shock protein 70 (HSP70) based on the porous graphene (PG), which
with good precision, acceptable stability, excellent reproducibility and
satisfactory results. However, the analysis performance of the sensor is
determined by two aspects: the conductive capability of the substrate
material and the immobilization of the antibody。 Therefore, the se-
lection of substrate material having excellent conductive capability,
high density and strong antibody immobilization, as well as main-
taining the biological activity of the antibody is the key to improve the
analytical performance of the sensor (Cho et al., 2018; Wen et al., 2017;
Yáñezsedeño et al., 2017).

Black Phosphorus (BP), a new two-dimensional nanomaterial com-
posed of puckered lattice configuration, has more excellent bio-
compatibility and lower toxicity comparing with other two-dimensional
materials (Cho et al., 2016), and also shows unique semiconducting
characteristics (Avsar et al., 2015), extremely high hole mobility, ani-
sotropic conductance and higher surface to volume ratio (Chen et al.,
2016; Gusmão et al., 2017; Rui et al., 2017; Tuteja and Neethirajan
2018). At present, some researchers have used BP in the field of sensors.
For example, Chen et al. (Chen et al., 2016), used few-layer BP na-
nosheets labeled with gold nanoparticle-antibody conjugates to fabri-
cate A BP-based field-effect transistor biosensor, Kumar (Kumar et al.,
2016) and Carmen (Mayorga-Martinez et al., 2016) also built bio-
sensors based on BP for the detection of different target analytes, which
gave better results and expanded the application of BP. PG, with stable
chemical properties, compact lattice structure and excellent conductive
capability, has achieved good results in the field of sensors (Liu et al.,
2018; Pang et al., 2018; Zhang et al., 2018). In this study, it was used to
encapsulate BP via strong coherent coupling between graphene surface
plasmons and anisotropic BP localized surface plasmons, realized by the
formation of PeC bond (Liu et al. 2017a, 2017b; Nong et al., 2018).
Thus, a composite material having high stability, good biocompat-
ibility, excellent conductive capability and high surface area is ob-
tained, which is porous graphene functionalized black phosphorus (PG-
BP). These features provide excellent conditions for biometric and
electronic signal transduction. In summary, the PG-BP has great po-
tential as a substrate material for the leptin sensor.

In this study, PG-BP with stable properties, large specific surface
area, and excellent conductive capability was constructed by infrared
drying method. However, considering that the surface of the PG-BP
material lacks an antibody binding site, the anti-leptin immobilization
need to form SAMs of cysteamine onto the PG-BP modified electrode
surface. Consequently, in this study, using gold nanoparticles has thiol
groups bound to cysteamine surface strongly. Then, glutaraldehyde was
used as a cross-linking agent that binds amine groups found on cy-
steamine and the other amino ends at the antibody molecules (Sonuc
Karaboga et al., 2016). Due to the excellent conductive capability of the
composite under natural environment and vacuum condition, it could
be further used as a carbon electrode modified material to construct an
immunosensor for the rapid detection of leptin in human serum sample,
(Scheme 1). Therefore, the objective of our work is to provide a new,
eco-friendly and economical, label-free assay for clinical testing and has
potential value for clinical diagnosis of nonalcoholic fatty liver disease.

2. Material and methods

2.1. Apparatus and reagents

Electrochemical measurements were performed on a CHI 6041E
workstation (Shanghai Chenhua, China). The different concentration of
leptin, biotinylated leptin monoclonal antibody (biotin-ab) and hrp-

labeled streptavidin (hrp-strept) were formulated using the appropriate
dilutions from the kits provided by Elabscience biotechnology co., Ltd
for subsequent experiments. All chemicals were analytical pure grade,
and distilled water was used throughout the experiment. Each experi-
ment was always carried out in a nitrogen atmosphere to avoid inter-
ference with substances in the air (Wang et al., 2009). For additional
details please see the supplementary materials.

2.2. Materials preparation

2.2.1. Preparation of BP
Bulk BP was used for preparation of BP by ultrasonication (Tuteja

and Neethirajan, 2018). 12.01mg of bulk BP was dispersed in 200mL
of acetonitrile, while nitrogen was inlet to eliminate air to prevent BP
from being oxidized. Then, it was handled for 4 h at 25 °C using a cell
cracker (the program was set to work 2 s with a 2 s break in between).
The supernatant was collected by centrifuging the above sonicated
suspension (1500 rpm, 20min), in order to remove the residual un-
exfoliated particles, and finally the BP nanosheets dissolved in acet-
onitrile was obtained.

2.2.2. Preparation of PG
The PG was synthesized by pyrolytic method (Sun et al., 2018). The

mix of Na (2 g) and ethanol (5 mL) with a molar ratio 1 : 1 was added
into stainless reactor, being heated to 220 °C and kept for 48 h. The
white product mentioned above was cracked to black with deionized
water. The black product was washed several times with deionized
water and was lyophilized, finally PG was obtained. The PG powder
was prepared as 1mg/mL suspension (dissolved by isopropanol) for the
following experiment.

2.3. Preparation of immunosensor

The surface of GCE was polished with 0.3 μm and 0.05 μm Al2O3

slurry, repeatedly. Subsequently, the surface was ultrasonically cleaned
(59 kHz, 200W) with ultrapure water and absolute ethanol several
times until the surface of the electrode appear like a mirror. BP (3 μL)
and PG (4.2 μL) were added dropwise respectively on GCE, then PG-BP/
GCE was obtained by infrared drying. In the following step, firstly, PG-
BP/GCE was instantly immersed in AuNPs solution and left in the dark
for 24 h. Secondly, AuNPs/PG-BP/GCE was placed in the cysteamine
(Cys) solution (60mM, pure ethanol) and allowed to stand overnight in
the dark. Then, for the covalent interaction between Cys on AuNPs
modified PG-BP/GCE and anti-leptin, glutaraldehyde (Glu) solution of
0.1% was incubated as cross-linking agent for 15min. Finally, the
prepared electrodes were immersed into 10 μL 20 ng/mL anti-leptin
solution in a dark medium for 120min and the 10 μL 1% BSA was used
to block the active sites. After each step of modification, the electrodes
were washed with ultra-pure water and dried with argon gas gently.

2.4. Introduction to experimental methods

Differential pulse voltammetry (DPV), square wave voltammetry
(SWV) and electrochemical impedance measurement (EIS) were used to
characterize the electrode modification step. The electrochemical
methods (DPV, SWV and EIS) were performed in 0.5mM [Fe(CN)6]3-/4-.
In addition, Since SWV is the most sensitive detection method in vol-
tammetry, it is also applied to the section of optimization studies of the
immunosensor, the analytical characteristics of the immunosensor and
the real sample analysis. Chronocoulometry was used to study the
electrochemical effective surface area of GCE, PG/GCE and BP-PG/GCE
electrodes.

Infrared, Raman, SEM and XPS were used to analyze structural
difference of the electrode surface during the manufacturing process of
the immunosensor.
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2.5. Electrochemical detection

In this section, the target analyte was examined based on an opti-
mization studies of the immunosensor. The immunosensor was im-
mersed into the PBS solution (pH 7.4) with different concentrations of
leptin and incubated for 2 h. Then the prepared immunosensor was
rinsed with PBS and ultrapure water for twice, and air-dried (at 37 °C)
in order to remove any residue and loosely bound leptin from the im-
munosensor surface. Finally, the immunosensor was placed into the cell
containing [Fe(CN)6]3-/4- solution for SWV scanning, each in triplicate.
The analysis curve that related to leptin concentrations and current
responses was obtained, which mentioned in section 3.5 (Fig. 3B).

3. Results and discussion

3.1. Characterization of the PG-BP

The morphologies of pure BP, PG and PG-BP were studied by field
emission scanning electron microscopy (FE-SEM) and energy dispersive
spectrometer (EDS). As shown in Fig. 1A, the BP presents a typical
folded structure, which indicates that BP has a large specific surface
area (Sajedimoghaddam et al., 2017). Fig. 1B and C represent the
morphologies of PG and PG-BP, separately. Because the surface of BP
was covered by PG, the combination of BP and PG cannot be observed
in the vision of SEM. Therefore, this study further used EDS to in-
vestigate the elemental mapping of PG-BP material (Rui et al., 2016).
As can be seen from the SEM image of PG-BP (D) and its corresponding
elemental mappings of carbon (E) and phosphorus (F), PG has been
successfully covered on the surface of BP.

To further confirm that BP was successfully modified with PG,
Fourier transformation infrared spectroscopy (FT-IR) was used and
showed in Fig. 1G. PG-BP shows four peaks appearing at 1130, 1470,
1630 and 1730 cm−1, corresponding to − −vp 0 c, −νP C, δCH2and =νc o, and
PG just show one which corresponding to δCH2(1630 cm−1), these re-
sults proved the successful link of PG and BP. According to reports, PeC
bonds will remarkably contribute to the stability of BP (Liu et al.,
2017a).

Fig. 1H displayed the Raman images of BP, PG and PG-BP. In

comparison to the Raman spectra of BP and PG, PG-BP shows a weak
peak corresponding to PeC bonds at 813 cm−1 (Liu et al., 2017b). In-
dicating that PG-BP had been successfully synthesized, and the result
was consistent with the above characterization.

The intensity of PeC bonds was further studied by X-ray photo-
electron spectroscopy (XPS) (Fig. 1L). As shown in Fig. 1L, The CeO
and C]O bonds are observable, which exist on the surface of PG.
Furthermore, the PeC bonds were detected at ∼284 ev, which implied
that because of the CeO and C]O bonds increased structural disorder
and reduced the energy barrier to chemical reaction, the formation of
PeC bonds were promoted (Liu et al., 2017a).

3.2. Optimization studies of the immunosensor

In the optimization study of leptin immunosensor, the fixed time
and other parameters of the antibody were investigated to obtain an
immunosensor system with high sensitivity and good reproducibility. In
addition, the immobilized ratios and the immobilized amounts of PG
and BP was optimized, which was shown in Figs. 1S and 2S.

To determine the effect of anti-leptin incubation time to the im-
munosensor system response, Glu/Cys/AuNPs/PG-BP/GCE was in-
cubated in anti-leptin for 30, 60, 90, 120, 150 and 180min for de-
termination of 625 pg/mL leptin standard solution. From Fig. 2A, the
incubation time of anti-leptin greatly affected the response of the im-
munosensor. In the case of short incubation time, anti-leptin may not be
effectively immobilized on the surface of the electrode. However, if the
time is too long, the protein content on the electrode surface may be too
high, so that the electrode surface would be insulated and even de-
stroyed. Therefore, it is indicated that anti-leptin was stably im-
mobilized on the electrode when there was no significant change of
current. So 120min was selected as the optimal incubation time of anti-
leptin.

Another optimized parameter is the anti-leptin concentration to the
immunosensor system response, immunosensors designed with dif-
ferent concentrations of anti-leptin (5, 10, 15, 20, 25 and 30 ng/mL)
were used to determine 625 pg/mL leptin standard solution. As can be
seen from Fig. 2B, the loading on electrode is incomplete when the

Scheme 1. Fabrication of the leptin-immunosensor.
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concentration below 20 ng/mL. While the anti-leptin concentration is
further increased, the electrochemical reaction would not change any
more. Therefore, 20 ng/mL anti-leptin was chosen as the optimal con-
centration for the construction of immunosensor.

3.3. Electrochemical characterization of PG-BP/GCE

The increase of the GCE electrochemical effective area facilitates the
loading of the antibody on the electrode surface and enhances the
electrochemical response signal of the substance of interest. In this
study, the electrochemical effective surface area of GCE, PG/GCE and

BP-PG/GCE electrodes was studied using chronocoulometry (Fig. 2S).
According to Anson equation (Li et al., 2018)

= + +Q FA
π

Q Q(t) 2n cD t1/2 1/2

1/2 dl ads

Q ads is the Faradaic charge, Q dl is the double layer charge, F means
the Faraday constant, D means the diffusion coefficient, n represents
the number of electron transfer and other parameters, such as π and t,
are in their normal meaning. According to the equation, the electro-
chemical effective area of GCE, PG/GCE and BP-PG/GCE can be cal-
culated as 0.016, 0.047, 0.090 cm2, respectively. The results indicated

Fig. 1. The FE-SEM images of (A) BP, (B) PG and (C) PG-BP. The SEM image of PG-BP (D) and corresponding elemental mapping of the C-k line (E) and the P-k (F)
line of the thin film's cross section. (G) The FT-IR spectra of PG and PG-BP, (H) the Raman spectra of PG, BP and PG-BP and (L) high resolution C 1s XPS spectrum of
PG-BP.
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that the surface area of the electrochemical sensor was greatly in-
creased by PG-BP.

Moreover, cyclic voltammetry was applied to scan the same deco-
rated PG-BP/GCE 50 times in a row (Fig. 3S), the measured oxidation
peak current was 90.1% of the initial detection value, which demon-
strates that BP has shown good stability in this study after being
functionalized by PG.

3.4. Electroanalytical performance of the immunosensor

The manufacturing process of the immunosensor was characterized
by EIS, DPV and SWV, respectively. As Fig. 2C, the resistance charge
transfer (Rct) of bare GCE is 3929Ω, which is reduced to 84.4Ω after
adsorption of PG-BP on the bare GCE surface, indicating a significant
electron transfer kinetics between redox pairs. After the gold nano-
particles as a binding site of a cross-linking agent was bonded to the
surface of the PG-BP, the Rct increased to 346.6Ω, since the conductive
capability of the gold nanoparticles was lower than that of PG-BP.
However, when the AuNPs/PG-BP/GCE was laminated by semi-
conductor, the charge transfer resistance was remarkably lowered
(Fig. 6S), which meant that the amino group was formed (Sonuc
Karaboga et al., 2016). These amino terminals were protonated at this
pH, which made the negatively charged redox probe readily diffuse
onto the electrode surface. Thereafter, the Rct was significantly in-
creased after the antibody immobilized on the electrode surface. This
also demonstrated the successful formation of the anti-leptin layer on
the surface of the modified electrode, which showed a blocking effect
on the electron transfer kinetics. The final step was to inhibit the active
Glu end by BSA, which also contributed a further increase in Rct.
Comparing the results of Fig. 5S (DPV) and Fig. 2D (SWV) response

curves, the response trend (enhanced or weakened) is consistent with
the results expressed by the Nyquist plots, which fully supports the
successful construction of electrochemical immunosensor (Fig. 2).

3.5. Analytical characteristics of the immunosensor

With the optimized conditions, the linear range of the prepared
immunosensor was investigated. Voltammetry is a more sensitive and
rapid analysis method than potentiometry and conductance. Among
them, SWV technology is the most sensitive and superior one (Rizwan
et al., 2018). Therefore, SWV was applied to analyze the performance of
immunosensor in this study.

First, leptin was detected using BSA/anti-leptin/Glu/Cys/AuNPs/
PG-BP/GCE. As shown in Fig. 4S, the current response of 0 pg/mL
leptin-containing solution showed higher than that of 625 pg/mL
leptin-containing solution. This is due to the fact that the strong ne-
gative charge on leptin is higher than its isoelectric point and hindrance
in electron flow toward the electrode surface at pH 7.4, resulting in a
reduction in the electrochemical signal.

To examine the analytical performance of this prepared im-
munosensor, different concentrations of leptin (0.15 pg/mL to 2500 pg/
mL) was used as samples employing [Fe(CN)6]3-/4- as electron mediator.
The SWV was recorded at potential increment of 0.004 V and amplitude
of 0.025 V with a frequency is 15 Hz. Fig. 3A is the dose-response curves
of the immunosensors at different concentrations, ((a) 0.15 pg/mL, (b)
1 pg/mL, (c) 10 pg/mL, (d) 100 pg/mL, (e) 312 pg/mL, (f) 625 pg/mL,
(g) 1250 pg/mL, (h) 2500 pg/mL) as the concentration of leptin in-
creased, the corresponding signal decreased and eventually reached
saturation. That is because more antigen-antibody immune complexes
that served as an insulating layer and developed repulsive electrostatic

Fig. 2. (A) Effect of anti-leptin incubation time to current response on immunosensor. (B) Effect of anti-leptin concentration to current response on immunosensor.
Nyquist plots (C) and SWV (D) of the different stages of the immunosensor development:(a) bare GCE, (b) PG-BP/GCE, (c) AuNPs/PG-BP/GCE, (d) Cys/AuNPs/PG-
BP/GCE, (e) Glu/Cys/AuNPs/PG-BP/GCE, (f) anti-leptin/Glu/Cys/AuNPs/PG-BP/GCE, (g) and BSA/anti-leptin/Glu/Cys/AuNPs/PG-BP/GCE. Measurements were
performed in 0.5mM [Fe(CN)6]3-/4- solution in 0.1M PBS (pH=7.4) applying a frequency range from 10 −1 to 10 5 Hz with an amplitude perturbation of 5mV.
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interaction between [Fe(CN)6]3-/4- and antigen. As shown in Fig. 3A
and B, there is a negative linear relationship between logarithm of
leptin concentration and current from 0.15 pg/mL to 2500 pg/mL: i
(μA)=−5.66 log Cleptin (pg/ml) + 22.49 and the correlation coeffi-
cient is 0.9946. Then, the limit of detection (LOD) was determined to be
0.036 pg/mL by calculating the average of the background signal
generated by the matrix blank plus 3 times the mean standard deviation
(3. Calculation of the limit of detection of supplemental material).

The high sensitivity of the leptin immunosensor can be attributed in
part to the large surface area, low background current, and enhanced
conductive capability of the PG-BP modified GCE platform. In addition,
the good conductive capability, high biocompatibility and special cross-
linking between AuNPs, Cys, Glu and biomolecules improved antibody
immobilization, thereby the stability of the immunosensor was in-
creased and the electrochemical signal of the immunosensor was am-
plified. Furthermore, [Fe(CN)6]3-/4- is an excellent redox mediator in
electrochemical systems that produces a steady current response with
low background noise (Sonuc Karaboga et al., 2016).

Comparing with other reported human leptin assays, the prepared
immunosensor showed better analytical performance and LOD
(Table 1).

3.6. Selectivity, interference-resistant, reproducibility and stability

Due to the complex composition of biological samples, high se-
lectivity and resistant to interference are necessary to immunosensors.

In this study, HSP 70, tumor necrosis factor (TNF), BSA and interleukin-
6 (IL-6) were used as interfering substances to evaluate the selectivity
and correctly resistance to interference of the prepared immunosensor.
Firstly, the selectivity of BSA/anti-leptin/Glu/Cys/AuNPs/PG-BP/GCE
was evaluated by observing the electrochemical response of 0 pg/mL
leptin, 625 pg/mL leptin and 625 pg/mL interferent (Fig. 3C). Secondly,
the resistant to interference of BSA/anti-leptin/Glu/Cys/AuNPs/PG-
BP/GCE was estimated by measuring the electrochemical response of
0 pg/mL leptin, 625 pg/mL leptin and 100 ng/mL interferent with
625 pg/mL leptin (Fig. 3D). It can be seen from Fig. 3C and D that the
immunosensor constructed by the monoclonal anti-human leptin anti-
body has good selectivity and resistant to interference for the detection
of human leptin.

The reproducibility of the immunosensor was assessed by repeating
six replicates of the same leptin concentration (625 ng/mL), the relative
standard deviation (RSD) between the measured values is 6.27%. This
result indicates that the constructed immunosensor has acceptable re-
producibility. At the same time, the prepared sensor was kept in a re-
frigerator from 0 to 7 days at 4 °C and tested with 625 ng/mL of leptin
for stability study, and it can retain 92.32% of initial response after 7
days. The attenuation of the electrochemical response may be attrib-
uted to the gradual deactivation of biomolecules. In conclusion, the
prepared immunosensor has acceptable stability for leptin detection.

Fig. 3. (A) SWV response of the immunosensor to different concentrations of leptin (from a to h: 0.15, 1, 10, 100, 312, 625, 1250 and 2500 pg/mL). Measurements
were performed in 0.5 mM [Fe(CN)6]3-/4- solution in 0.1M PBS (pH=7.4); (B) Calibration curve based on the current reduction observed. (C) Selectivity of leptin-
immunosensors, where 0 pg/mL leptin, 625 pg/mL leptin, and from bar shows the SWV peak current of 0 pg/mL leptin mixed with 625 pg/mL HSP-70, TNF-α, BSA
and IL-6; (D) Interference-resistant of leptin-immunosensors, where 0 pg/mL leptin, 625 pg/mL leptin, and from bar shows the SWV peak current of 625 pg/mL leptin
mixed with 100 ng/mL HSP-70, TNF-α, BSA and IL-6.
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3.7. Real sample analysis

The feasibility of the label-free leptin immunosensor in practical
applications was evaluated by detecting the leptin concentration in
human serum. Human serum samples were diluted 100-fold with
10mM PBS buffer and divided it into three shares, and then add three
different concentrations of leptin (100, 500, 1000 pg/mL) for the
electrochemical determination by recovery test, these results are sum-
marized in Table 2. The RSD and the recovery of leptin in serum at 100,
500 and 1000 pg/mL are in the range of 1.43%–5.2% and
98 ± 2.6%–100.8 ± 0.84%, respectively. Therefore, the proposed
immunosensor has significant potential for leptin detection in real
serum samples.

4. Conclusion

In this study, a novel label-free immunosensor for detection of leptin
in actual sample was developed. The base material PG-BP of the sensor
exhibits strong electron transport behavior, and its effective specific
surface area is also increased by about 5 times compared with bare
GCE. The simple immobilization procedure of gold nanoparticles and
the self-assembled layer of cysteamine make the antigen more firmly
immobilized on the electrode surface. The proposed immunosensor
displayed wide linear range (0.15–2500 pg/mL) and a low detection
limit (0.036 pg/mL), which exhibits superior performance compared
with the results of enzyme-linked immunosorbent assay and existing
electrochemical methods. Therefore, this platform is expected to pro-
vide a reliable, real-time and convenient potential means for method for
clinical trials of NAFLD markers.
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