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A B S T R A C T

Ultrasensitive detection of cancer biomarkers has shown great promise for precision medicine. Here, a triple
signal amplification strategy was developed for analysis of carcinoembryonic antigen (CEA) by using MoS2-based
nanocomposites. Gold nanoparticles-decorated molybdenum disulfide nanocomposite (MoS2-AuNPs) was used
to construct the modified electrode and nanoprobe, which could efficiently amplify electrochemical signal due to
its large surface area and high catalytic ability. Horseradish peroxidase (HRP)-labelled carcinoembryonic
monoclonal antibody (anti-CEA) and HRP were used to co-construct the MoS2-based nanoprobe, which could
further amplify the electrochemical signal by catalyzing o-phenylenediamine (o-PD) in the presence of hydrogen
peroxide (H2O2). Expectedly, an excellent analytical performance for CEA detection was obtained, such as wide
detection range (10 fg mL−1-1 ngmL−1), ultralow detection limit (1.2 fgmL−1), high selectivity and good sta-
bility, suggesting this immunosensor could detect CEA in real samples.

1. Introduction

Accurate, sensitive, fast biomarkers detection shows a great role in
promising disease analysis (Yang et al., 2011; Chen et al., 2011; Yang
et al., 2011). Due to ultralow concentration of biomarkers (such as
microRNA and antigens), development of high-performance strategies
for biomarkers detection has attracted more and more researchers’ at-
tention (Miao et al., 2017; Wen et al., 2013; Yan et al., 2008). As we
know, electrochemical immunosensor is considered as a powerful tool
to detect biological molecules due to its highly specific recognition
ability and high sensitivity (Fan et al., 2000; Ge et al., 2011; Wan et al.,
2011, 2013). To meet the needs of practical application, sandwich-type
immunosensors with signal amplification units have been extensively
developed to improve the sensitivity (Tang et al., 2008; Li et al., 2018;
Shen et al., 2015; Wu et al., 2015; Zhou et al., 2013). On the basis of
this concept, several amplification strategies have been designed to
efficiently enhance the detection performance, including nanomater-
ials-based probes (Kong et al., 2011; Ren et al., 2017; Yang et al., 2017;
Zhou et al., 2015), nanomaterials-based catalytic effect (Huang et al.,
2018; Li et al., 2015; Sun et al., 2014; Zhao et al., 2014) and enzyme-
assisted amplification (Li et al., 2015; Lin et al., 2015; Sun et al., 2013;
Wang et al., 2017; Yuan et al., 2012). For example, Yuan and co-worker

used graphene nanocomposites functionalized with Au@Pd core/shell
bimetallic to load numbers of thionine, horseradish peroxidase and
secondary antibodies (Ab2). The formation of signal enhancers greatly
improved detection performance by utilizing catalytic reaction, which
could detect down to 0.006 U mL−1 carbohydrate antigen 19–9 (CA19-
9) (Yang et al., 2015a). Although great advances of electrochemical
immunosensors have been achieved, it is still a challenge to explore
high-performance immunosensors for ultrasensitive detection of bio-
markers with multiple signal amplification (Farka et al., 2017; Pei et al.,
2012).

Nanomaterials, including noble metal nanostructures (Wang et al.,
2014; Liu et al., 2012), layered nanomaterials (Du et al., 2010; He et al.,
2010; Jiang et al., 2015; Lin et al., 2012), carbon nanotubes (Lu et al.,
2012; Zuo et al., 2009) and metal oxides (Feng et al., 2016), have been
extensively introduced into the construction of modified electrodes or
nanoprobes due to their excellent properties, which could greatly im-
prove the sensitivity of electrochemical immunosensors. To further
enhance the detection performance, introduction of enzyme amplifi-
cation has become an efficient strategy (Li et al., 2008; Peng et al.,
2018; Yang et al., 2015b, 2016). For instance, Zhong et al. immobilized
horseradish peroxidase (HRP)-conjugated carcinoembryonic mono-
clonal antibody (anti-CEA) on nanogold-enwrapped graphene
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nanocomposites surface as a signal enhancer to improve the detection
performance (Zhong et al., 2010). Zhou's group used HRP to block the
graphene-based nanoprobe. With the catalytic effect of HRP, the pro-
posed electrochemical immunosensor could detect 50 pgmL−1 im-
munoglobulin G (IgG) (Yang et al., 2011).

Gold nanoparticles-decorated MoS2 nanocomposite (MoS2-AuNPs)
had been extensively used as an electrode modified material to con-
struct electrochemical immunosensors due to its excellent conductivity
and large surface area (Su et al., 2015; Devi et al., 2019; Pang et al.,
2018; Peng et al., 2018). However, most of works only used MoS2-
AuNPs nanocomposite as an electrode modified material. It should be
noted that MoS2-AuNPs nanocomposite was also an ideal nanomaterial
to construct nanoprobes for the preparation of electrochemical sensors
(Su et al., 2017). Inspired by the above works, we constructed an en-
zyme-assisted signal amplification strategy for CEA analysis by utilizing
the advantages of MoS2-AuNPs nanocomposites and the catalytic effect
of biological enzymes. As shown in Scheme 1, a large number of anti-
CEA (Ab1) were immobilized on MoS2-AuNPs film modified electrode
surface to efficiently capture target CEA. Meanwhile, HRP-anti-CEA
(Ab2) and HRP were co-functionalized on MoS2-AuNPs surface to form
MoS2-based nanoprobes, which could obviously amplify electro-
chemical signal. It should be noted that such efficient amplification in
electrochemical signal was ascribed to the designed triple amplification
strategy. First, MoS2-AuNPs nanocomposites had been proved to be
efficient enzyme mimics and excellent conductivity, which could fa-
cilitate the reaction between o-PD and H2O2 (Xiu et al., 2015). Second,
MoS2-AuNPs nanocomposites possessed large surface area, which could
load large amounts of anti-CEA and HRP-anti-CEA. The HRP labelled on
the anti-CEA could catalyze o-PD in the presence of H2O2, further
amplifying the detection signal. Third, the introduction of HRP blocked
the nonspecific adsorption of immunosensor, which could triply am-
plify the electrochemical signal due to the enzymatically catalytic re-
action. As a result, the designed immunosensor exhibited high sensi-
tivity and selectivity for CEA detection in ideal buffer and real samples.

2. Experimental section

2.1. Reagents and apparatus

All the reagents, chemicals and characterized apparatus were listed
in Supporting Information.

2.2. Synthesis of MoS2-AuNPs-based nanoprobes

Synthesis of MoS2 nanosheets and MoS2-AuNPs nanocomposites
were recorded in the Supporting Information (Su et al., 2014, 2016,
2019).

The MoS2-AuNPs nanocomposites (1.0 mgmL−1) were incubated
with 1.0mgmL−1 HRP-anti-CEA solution at 4 °C for 12 h. After that,
the unbound HRP-anti-CEA was removed by 0.1M phosphate buffer
(PB). Then, the purified HRP-anti-CEA/MoS2-AuNPs nanoprobe was
blocked by HRP to avoid the nonspecific absorption and amplify the
electrochemical signal. Finally, the purified product was defined as
HRP/HRP-anti-CEA/MoS2-AuNPs nanoprobe, which was re-dispersed
and stored at 4 °C. Similarly, BSA/HRP-anti-CEA/MoS2-AuNPs and
HRP-anti-CEA/AuNPs nanoprobes were prepared by using the similar
procedure.

2.3. Preparation of MoS2-based detection strategy

5 μL MoS2-AuNPs nanocomposite solution was modified onto the
cleaned glassy carbon electrode (GCE). Then, 100 μgmL−1 anti-CEA
was assembled on MoS2-AuNPs/GCE, forming anti-CEA/MoS2-AuNPs/
GCE. Following that, 1% BSA was utilized to block possible unspecific
adsorption at anti-CEA/MoS2-AuNPs/GCE. Then, the fabricated mod-
ified electrode was incubated with target CEA for 50min. After
washing, HRP/HRP-anti-CEA/MoS2-AuNPs nanoprobe was reacted
with as-prepared CEA/BSA/anti-CEA/MoS2-AuNPs/GCE for im-
munoreaction at 37 °C for 50min, forming MoS2-based electrochemical
immunosensor.

3. Results and discussion

3.1. Proof of MoS2-based nanoprobes

The TEM images of MoS2 and its nanocomposite were shown in Fig.
S1A and Fig. S1B, respectively, suggesting that the designed nano-
composite had been successfully synthesized. Subsequently, the whole
preparation process was characterized by UV–vis spectroscopy and zeta
potential analysis, proving the successful synthesis of MoS2-AuNPs-
based nanoprobes. As exhibited in Fig. 1A, with the decoration of
AuNPs on MoS2 surface, an obvious absorption peak located at 548 nm
was obtained (blue curve). When HRP-anti-CEA was immobilized on
MoS2-AuNPs nanocomposite, a very weak absorption peak of HRP at
404 nm was observed (red curve). Once HRP as a blocking agent was

Scheme 1. Scheme of MoS2-based immunosensor for CEA analysis.
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immobilized on HRP-anti-CEA/MoS2-AuNPs, an obvious and typical
HRP peak was obtained (black curve), further proving that HRP-anti-
CEA and HRP were successfully co-immobilized on MoS2-AuNPs na-
nocomposite surface. The zeta potentials of different materials also
proved that our designed nanoprobes were constructed (Fig. 1B). Zeta
potentials of MoS2-AuNPs, HRP-anti-CEA/MoS2-AuNPs and HRP/HRP-
anti-CEA/MoS2-AuNPs were −15.84mV, −26.34mV and −31.73mV,
respectively. Obviously, the negative HRP and HRP-anti-CEA made the
potential shift negatively, further proving the amplified nanoprobes had
been successfully prepared.

3.2. Fabrication of the detection strategy

Since the successful synthesis of nanoprobes, electrochemical tech-
niques were employed to monitor the preparation of MoS2-based de-
tection strategy. Fig. 2A exhibited that larger redox peaks at MoS2-
AuNPs/GCE (curve b) than those at bare GCE (curve a), which was
ascribed to the good conductivity of MoS2-AuNPs. The peak currents
obviously decreased at anti-CEA/MoS2-AuNPs/GCE (curve c) and BSA/
anti-CEA/MoS2-AuNPs/GCE (curve d), respectively, suggesting non-
conductive anti-CEA and BSA were assembled on modified electrode.
When CEA was captured at BSA/anti-CEA/MoS2-AuNPs/GCE, the for-
mation of immune production made the peak current further decrease
(curve e). Unexpectedly, the redox peak current suddenly increased
after HRP/HRP-anti-CEA/MoS2-AuNPs nanoprobe was incubated with
the modified electrode, suggesting that the immobilized nanoprobe
possessed excellent conductivity and was successfully captured by
modified electrode (curve f).

We also employed EIS to confirm the prepared procedure of MoS2-
based immunosensor (Fig. 2B). If MoS2-AuNPs nanocomposite was
supported on GCE surface, a larger semicircle was obtained at MoS2-
AuNPs/GCE (curve b) compared to bare GCE (curve a). Once non-
conductive anti-CEA and BSA molecules were attached to the MoS2-
AuNPs nanocomposites film, the semicircle obviously increased at anti-
CEA/MoS2-AuNPs/GCE (curve c) and BSA/anti-CEA/MoS2-AuNPs/GCE
(curve d), respectively. As expected, the semicircle further increased
when BSA/anti-CEA/MoS2-AuNPs/GCE reacted with 100 pgmL−1 CEA
(curve e). More interestingly, the semicircle surprisingly decreased
when HRP/HRP-anti-CEA/MoS2-AuNPs nanoprobe was immobilized on
modified electrode surface (curve f). The decrease was owing to the
excellent conductivity of nanoprobe, which was in agreement with the
CV results. Therefore, all results proved the successful preparation of
MoS2-based detection strategy for the detection of CEA.

3.3. Amplification performance of different nanoprobes

As we know, detection sensitivity was greatly depended on the
properties of nanoprobes. Therefore, the catalytic activities of those
nanoprobes were investigated. As shown in Fig. 3, the immunosensors
were employed to analyze CEA with four kinds of signal amplification
probes. In comparison, 1 ngmL−1 CEA was reacted with different de-
tection strategies in the absence (curve a) and presence (curve b) of
H2O2. It could be observed that the response current shifts (ΔI=Ib-Ia) of
immunosensors amplified by HRP-anti-CEA/AuNPs, BSA/HRP-anti-
CEA/MoS2-AuNPs and HRP/HRP-anti-CEA/MoS2-AuNPs nanoprobes
were 1.56, 2.60 and 4.50 times than that amplified by HRP-anti-CEA

Fig. 1. (A) UV–vis spectra and (B) zeta potentials of different nanomaterials.

Fig. 2. (A) CV and (B) EIS curves of (a) bare GCE, (b) MoS2-AuNPs/GCE, (c) anti-CEA/MoS2-AuNPs/GCE, (d) BSA/anti-CEA/MoS2-AuNPs/GCE, (e) CEA/BSA/anti-
CEA/MoS2-AuNPs/GCE and (f) nanoprobe/CEA/BSA/anti-CEA/MoS2-AuNPs/GCE by using [Fe(CN)6]3-/4- as an electrochemical indicator, respectively.
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(6.18 μA). From this result, we could concluded that the electro-
chemical signal amplification was generated from the synergistically
catalytic ability of HRP + AuNPs or HRP + MoS2-AuNPs (Yang et al.,
2015a). Obviously, HRP/HRP-anti-CEA/MoS2-AuNPs nanoprobe pos-
sessed the best amplification performance among four probes. There-
fore, we used HRP/HRP-anti-CEA/MoS2-AuNPs nanoprobe to ultra-
sensitively detect CEA in the following experiments.

3.4. Evaluation of incubation time

To optimize the analytical performance of the MoS2-based electro-
chemical immunosensor, we studied the reaction time of target CEA
and HRP/HRP-anti-CEA/MoS2-AuNPs nanoprobe. Fig. S2A exhibited
that longer incubation time brought larger peak current ranging from
10 to 50min. A maximal current response was observed at 50min.
Unfortunately, longer incubation time (over 50min) led to the lower
peak current. Thus, we chose 50min to capture target CEA. Similarly,
the optimal incubation time of nanoprobe was 50min (Fig. S2B).

3.5. Analytical performance of the immunosensor

The analytical performance of MoS2-based immunosensor was re-
corded by differential pulse voltammetry (DPV), which was generated
from HRP catalyzed o-PD by H2O2. Fig. 4A exhibited that peak currents
of MoS2-based immunosensor increased with the detection of
10 fg mL−1 - 1 ngmL−1 CEA. According to the relationship between
electrochemical responses and CEA concentration, a linear range was
shown in Fig. 4B and an equation was listed as I (μA)=0.9977logcCEA
(fg mL−1)+26.2179 (R2= 0.9937). It should be noted that this as-
designed detection strategy could analyze CEA concentration down to
1.2 fgmL−1 (S/N=3). Table S1 summarized the analytical perfor-
mance of nanoprobes-based immunosensor for CEA detection, sug-
gesting our designed immunosensor possessed excellent detection per-
formance.

Fig. 3. CV responses of the proposed “sandwich” immunosensor formation with different probes (A) HRP-anti-CEA, (B) HRP-anti-CEA/AuNPs, (C) BSA/HRP-anti-
CEA/MoS2-AuNPs and (D) HRP/HRP-anti-CEA/MoS2-AuNPs in 0.1 M PB in the absence (a) and presence of (b) 0.01 M o-PD+0.16 M H2O2.

Fig. 4. (A) DPV results of MoS2-based immunosensor for the analysis of CEA concentration (a→f): 10 fg mL−1, 100 fg mL−1, 1 pgmL−1, 10 pgmL−1, 100 pgmL−1

and 1 ngmL−1. (B) Relationship between electrochemical responses and CEA concentration.
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3.6. Selectivity, cross-sensitivity and stability of our detection strategy

Selectivity is an important parameter for the practical application of
this as-prepared immunosensor. In this work, α-fetoprotein antigen
(AFP), bovine serum albumin (BSA) and human immunoglobulin G
(IgG) were selected as interfering species, respectively. Fig. 5A showed
the DPV signals of IgG, AFP and BSA were about 2.1%, 3.1% and 2.6%
of peak current of CEA at the same concentration (1 ngmL−1). More-
over, the presence of IgG, AFP and BSA did not interfere with CEA
detection of the immunosensor, suggesting that the MoS2-based im-
munosensor possessed excellent selectivity.

Furthermore, the long-term stability was tested. About 14.8%
electrochemical signal decreased compared with its initial value after
16 days storage, indicating the designed immunosensor had good sta-
bility (Fig. 5B).

3.7. Practical application

According to the above results, the application of this MoS2-based
immunosensor for real samples was studied. From Table S2, high re-
covery (> 98%) and small relative standard deviation (RSD,< 10%)
were obtained, respectively, indicating that the designed immunosensor
could analyze CEA in simulated samples with accepted results.

4. Conclusion

We constructed an ultrasensitive MoS2-based electrochemical sen-
sing strategy for the CEA analysis combined with enzyme-assisted
signal amplification strategy. MoS2-AuNPs nanocomposites were not
only used as electrode modified materials, but also employed to prepare
nanoprobes due to their enzyme mimics and excellent conductivity.
Due to the triple signal amplification effect, this designed detection
strategy exhibited ultrahigh sensitivity, low detection limit
(1.2 fgmL−1), high selectivity and stability. More importantly, this as-
prepared immunosensor could determine CEA in serum samples, in-
dicating that MoS2-based nanohybrids was a powerful nanomaterial to
construct biosensors for clinical analysis.
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