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A B S T R A C T

Nowadays, nanomaterials with enzymatic properties have aroused wide interest because of their special ad-
vantages, such as catalytic activity, simple preparation method and high stability. We introduced new na-
noenzymes to a label-free electrochemical immunosensor for Hepatitis B surface antigen (HBs Ag) detection. In
this study, PtPd nanocubes@MoS2 nanoenzymes (PtPd NCs@MoS2) were prepared by loading PtPd nanocubes
(PtPd NCs) on molybdenum disulfide nano-sheet (MoS2) through in situ redox polymerization. The prepared
nanoenzymes exhibited enhanced peroxidase-like activity than separate MoS2 and PtPd NCs. The catalytic
process of PtPd NCs@MoS2 is in agreement with the Michaelis-Menten kinetic equation. PtPd NCs@MoS2 were
used for sensitive detection of HBs Ag, which is ascribed to their superior peroxidase activity, good conductivity
and high specific surface area and synergistic amplification for current signals. Compared with the detection
limit of colorimetric method (3.3 pg/mL), the electrochemical method (10.2 fg/mL) shows a lower detection
limit and a wider linear range from 32 fg/mL to 100 ng/mL, so it is more suitable for quantitative analysis of
Hepatitis B. In summary, the prepared immunosensor provides a better opportunity for early diagnosis of
Hepatitis B and also has further applications in biosensing and medical diagnostics.

1. Introduction

Hepatitis B virus (HBV) is one of the most serious diseases world-
wide leading to liver cancer and cirrhosis to a large extent (Cho et al.,
2018). Hepatitis B surface antigen (HBs Ag) was the first discovered
hepatitis B virus (HBV) protein which can evade the patient's immune
response (Yan et al., 2018). Detection of HBs Ag is an effective method
for identifying chronic HBV because it is long-lasting and almost im-
possible to lose in chronic cases (Ott et al., 2012). Therefore, rapid and
accurate quantitative detection of HBs Ag is important for early diag-
nosis of HBV infection. Currently, there are various methods for de-
tecting HBs Ag such as enzyme linked immunosorbent assays (ELISA)
(Makuza et al., 2019), chemiluminescent microparticle immunoassay
(Alzahrani et al., 2019), radioimmunoassay (Hu et al., 2019), re-
flectometry interference spectroscopy (Yu et al., 2000), gap ligase chain
reaction assay (Carla, 2002) and electrochemical immunosensor (Pei
et al., 2019). Among these methods, electrochemical immunosensors
are considered to be a promising diagnostic method and mainly with
the following two reasons: firstly, the electrochemical instrument has
the characteristics of miniaturization and easy operation; secondly, the

electroanalytical method is simple, convenient, specific and environ-
mental friendly (Yan et al., 2019b; Yang et al., 2018). Especially, the
label-free electrochemical immunosensor is widely used due to its
simple operation and easy preparation (Wang et al., 2018; Yang et al.,
2017).

In recent years, enzymes based on nanomaterials (nanoenzymes) are
rapidly developing. Since the disadvantages of the natural enzyme are
high cost and poor long-term stability, nanoenzymes with high stability
and easy functionalization are prepared. New nanoenzymes such as Pt
nanoparticles (Kai et al., 2013), Au nanoparticles (Wang et al., 2011),
CuS (He et al., 2012), Co3O4 nanoparticles (Jia et al., 2016) and carbon
nanomaterials (Li et al., 2013), have been reported to use in bio-
technology and environmental control. Nanoenzymes with significant
catalytic activity and excellent biocompatibility can be applied in
electrochemical immunosensors to improve the sensitivity (Zhang et al.,
2019).

The two-dimensional (2D) transition metal disulfide MoS2 is single
sandwiched S–Mo–S layer bound by van der Waals force in a hexahe-
dral filled structure (Gourmelon et al., 2017). Because of the properties
such as the indirect band gap, unique layered structure, large specific

https://doi.org/10.1016/j.bios.2019.111556
Received 6 May 2019; Received in revised form 26 July 2019; Accepted 29 July 2019

∗ Corresponding author.
E-mail address: qingliu0315@163.com (Q. Liu).

Biosensors and Bioelectronics 142 (2019) 111556

Available online 01 August 2019
0956-5663/ © 2019 Elsevier B.V. All rights reserved.

T



surface area, excellent mechanical hardness and good catalytic perfor-
mance. MoS2 has shown very good application prospects in many fields
such as photocatalysis, super capacitor, biology and batteries (Singh
et al., 2018). Besides, inserting other materials into the layered MoS2
nanosheets to form a hybrid nanomaterial system would enhance con-
ductivity and stimulate new reaction sites (Francesco et al., 2015). Due
to the two-dimensional MoS2 nanosheet with pleated structure, large
specific surface area, easy preparation and storage, it was used as
platforms for supporting nanoparticles to achieve electrochemical sen-
sing (Duan et al., 2014; Jiang et al., 2019).

In recent years, noble metal nanoparticles have shown excellent
electrochemical properties, which are widely used in electrochemical
immunosensors. Pt-based nanoparticles exhibit excellent catalytic per-
formance by introducing other elements such as Pd with good catalytic
properties (Gao et al., 2014; Shi et al., 2019). The shape of nanoma-
terials affects their physical and chemical properties (Gomathi et al.,
2019). Nanocubic materials have attracted the attention of researchers.
Compared with spherical particles, cubic Pt nanoparticles have superior
catalytic performance probably because of more active sites (Wang
et al., 2008; Yamada, 2009). This is the first time that PtPd NCs have
been found to catalyze the oxidation of TMB tetramethylbenzidine
(TMB) by H2O2 to produce blue TMB oxide (TMB ox), demonstrating its
unique peroxidase activity used as nanoenzymes. We designed PtPd
nanocubes (PtPd NCs), which obtained unique catalytic activity be-
cause of large cubes stacked by small cubes, and then loaded them onto
MoS2 nanosheets as effective nanoenzymes for the preparation of
electrochemical immunosensors.

The prepared label-free immunosensor amplifies the signal with
PtPd nanocube@MoS2 nanoenzymes (PtPd NCs@MoS2) for HBs Ag
detection. Since antigens and antibodies cannot undergo redox in the
immunoassay reaction, differential pulse voltammetry (DPV) was used
to detect the electrical signal generated by PtPd NCs@MoS2 na-
noenzyme catalyzing the oxidation of phenylenediamine (o-PD) by
H2O2 in this study. PtPd NCs have excellent electrical conductivity and
biocompatibility and are easily bound to antibodies by Pt–N bonds (Li
et al., 2019) and Pd–N bonds (Yan et al., 2019a), which is more con-
ducive to increase the amount of bound antibody. MoS2 with a pleated
paper structure has a large specific surface area, which allows it to
successfully load PtPd NCs to achieve synergistic amplification of
electrochemical signals. The PtPd NCs@MoS2 nanocomposites exhibit
enhanced electrical conductivity and catalytic activity. Thus, we ap-
plied PtPd NCs@MoS2 to electrochemical immunosensors to increase
substrate reaction rate and electron transfer efficiency, and further
improve the sensitivity of the immunosensor (Fig. 1). Besides, MoS2 has
inherent peroxidase activity (Ma et al., 2019), and successfully loading
PtPd NCs can achieve enhanced peroxidase performance. Due to the
synergistic effect of the composite nanoenzymes, PtPd NCs@MoS2 can
also be applied to in situ colorimetric analysis. The contrast between
the two methods convincingly demonstrates the advantages of elec-
trochemical analytical methods.

2. Experimental section

2.1. Reagents

Hexachloplatinic (IV) acid hexahydrate (H2PtCl6·6H2O, 99.9%),
palladium (II) chloride (PdCl2, 99.9%), poly (vinylpyrrolidone) (PVP,
Mw≈ 29000), KI (AR), O-phenylenediamine (o-PD), ethylene glycol
(EG, AR), HCl, 3,3′,5,5′-Tetramethylbenzidine (TMB), terephthalic acid
(TA), Sodium molybdate dehydrate (Na2MoO4·2H2O), L-cysteine were
obtained from Sinopharm Chemical Reagent Co., Ltd. Bovine serum
albumin (BSA), HBs Ag and HBs antibody (anti-HBs) were bought from
Shanghai Linc-Bio Science Co., Ltd. Ultrapure water was used in the
whole experiment.

2.2. Apparatus

The CHI760E electrochemical workstation was used to measure
electrochemical performance. Transmission electron microscope (TEM)
images were obtained from JEOL JSM-6700F microscope and energy-
dispersive X-ray spectroscopy (EDX) analysis were collected by a Tecnai
G2 F20 (America). UV–visible spectroscopy analysis was conducted by
Agilent Technologies Cary 60 UV–Vis. Fluorescence analysis was col-
lected by F-380 fluorescence spectrophotometer.

2.3. Preparation of MoS2

The preparation of MoS2 was based on the literature with some
modifications (Wang et al., 2016). The Na2MoO4·2H2O (0.25 g) was
dissolved in water and maintained at pH 6.5. L-cysteine (0.5 g) and
water (50mL) were added to the solution sonicating for 10min. The
precursor solution was transferred into a 100mL Teflon-lined stainless
steel autoclave. The autoclave was sealed and maintained at 200 °C for
18 h and then cooled to room temperature. The MoS2 were collected
through centrifugation at the speed of 7000 rpm.

2.4. Preparation of the PtPd NCs and PtPd NCs@MoS2

The preparation method of PtPd NCs has been referred to the lit-
erature and modified (Zhou et al.) and the method for PtPd NCs@MoS2
is as followed: The H2PdCl4 solution (20mM, 0.5mL) and H2PtCl6 so-
lution (20mM, 0.5 mL) were added into 20mL EG containing PVP
(160mg). The KI aqueous solution (5M, 110 μL) and the obtained MoS2
nanosheets were added into mixed solution. Subsequently, the mixture
was heated to 150 °C with vigorous stirring. The product was collected
by centrifugation at 5000 rpm and washed with ethanol and water and
then dispersed in ethanol.

2.5. Peroxidase activity and color reaction

The enhanced peroxidase activity of the composed nanoenzymes we
produced was confirmed by color reaction. The reaction substrate
5mmol/L of TMB was catalytically oxidized by adding 5.0 mmol/L of
H2O2 and 5 μg/mL of MoS2, PtPd NCs, PtPd NCs@MoS2, respectively,
resulting in a blue reaction. To obtain the Michaelis-Menten equation,
the gradient concentrations of H2O2 were set to measure its reaction
rate. We calculated the Michaelis constants Vm and Km by plotting the
double reciprocal curves where Vm represents the maximum rate of
enzymatic reaction, and the smaller the Km, the greater the affinity of
the enzyme (Liu et al., 2016).
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2.6. Fabrication of the PtPd NCs@MoS2 immunosensor

Fig. 1 illustrates the preparation process of immunosensor based on
PtPd NCs@MoS2 nanoenzymes. The specific preparation method is as
follows: the surface of the glassy carbon electrode (GCE) is polished by
Al2O3 powder with diameters of 1.0, 0.3 and 0.05mm, respectively and
then washed. 2.2mg/mL of PtPd NCs@MoS2 (6 μL) nanoenzyme was
coated onto the treated GCE and dried in air. The prepared PtPd NCs@
MoS2/GCE was incubated with 10 μg/mL of anti-HBs (6 μL), followed
by drying treatment at 4 °C. The unsuccessfully bound antibody was
washed away with phosphate buffer solution (PBS) and dried at 4 °C.
BSA solution (3 μL, 1 wt%) can block non-specific sites and exclude
other non-specific binding interference. After drying, the prepared anti-
HBs/BSA/PtPd NCs@MoS2/GCE was incubated with a gradient con-
centration of 6 μL of HBs Ag (32 fg/mL - 100 ng/mL) to complete the
specific immunological binding and dried at 4 °C. Finally, the
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unsuccessfully bound antigen was washed away and the prepared im-
munosensor was stored for subsequent use at 4 °C.

2.7. Electrochemical measurements

A saturated calomel electrode and a platinum wire electrode were
used as a reference electrode and a counter electrode, respectively.
Amperometric i-t measurement were conducted by adding H2O2

(5mmol/L) into PBS (10mL, pH=7.0) at 60 s, 120 s and 180 s, re-
spectively. CV was tested at the rate of 0.1 V/s and EIS is with the
frequency from 0.1 Hz to 100 kHz at a bias potential of 0.23 V in
0.1 mol/L KCl containing 2.5 mmol/L [Fe(CN)6]3-/4-. All DPV mea-
surements were performed with the voltage ranging from 50mV to
650mV, with a pulse amplitude of 50mV, pulse width of 50m s, pulse
period of 500m s with 10mL PBS (pH=7.0), o-PD (2.0 mmol/L) and
H2O2 (5.0 mmol/L) in system.

2.8. Colorimetric detection

After DPV measurement, the prepared series of immunosensors

washing with PBS were placed in 600 μL of 5mmol/L TMB, 200 μL of
10mmol/L H2O2 and 300 μL of PBS (pH=7) and fixed, and incubated
for 3min at room temperature in the dark. In order to stop the reaction,
we only need to remove the immunosensor from the solution. To de-
monstrate the relationship between absorbance and antigen con-
centration, absorbance curves at the wavelength of 652 nm were de-
termined using Agilent Technologies Cary 60 UV–Vis (Beckman
Coulter, USA).

3. Results and discussion

3.1. Characterization of PtPd NCs@MoS2

As shown in Fig. 2A, MoS2 nanosheets have a pleated paper-like
structure which looks like an ink painting. Fig. 2B shows PtPd NCs with
an average side length of about 50 nm. We can see that the surface of
PtPd NCs is not flat because it is composed of smaller nanocubes instead
of cubic nanosheets. There is only square structure without a linear
structure by observation, so it cannot be formed by stacking a square
sheet structure but by cubic stacking (Fig. S1). Moreover, the cubic

Fig. 1. Schematic illustration of PtPd NCs@MoS2 for the detection of HBs Ag and signal response mechanism.
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structure can be basically seen from Fig. 2G. The mapping spectrum of
PtPd element (Fig. 2D), Pd (Fig. 2E, yellow) and Pt (Fig. 2F, green)
clearly illustrate that the two elements are evenly distributed meaning
good alloying of Pt and Pd (Fig. 2D). Two lattice fringes were found:
one is ∼0.23 nm corresponding to (111) (Fig. S2A), and the other is
∼0.19 nm (Fig. S2B), corresponding to (200), which are in good
agreement with face-centered cubic Pt and Pd (200) lattice spacing. The
low crystallinity at the junction leads to a phenomenon in which the
lattice fringes are not obvious at the junction of the small cubes (Fig.
S2A). Fig. 2C shows that the prepared PtPd NCs supported on paper-like
nanosheets and their EDX spectrum (Fig. 2H), indicating that the
composite nanoenzyme contains elements of Mo, S, Pt and Pd. The
elements of Mo and S cover the entire composite nanoenzymes and play
an important role in supporting the nanocubes (Figs. S3E and S3F). The
elemental maps of Mo, S, Pt, Pd and PtPd NCs@MoS2 indicate the
successful preparation of the composite nanoenzymes (Fig. S3B).

3.2. Peroxidase-like properties of PtPd NCs@MoS2 and catalytic
mechanism

The enhanced peroxidase performance of the prepared composite
nanoenzymes were demonstrated with TMB as reaction substrates.
Because of the special stacked nanocubic structure of PtPd NCs and the
synergy with pleated MoS2, the prepared PtPd NCs@MoS2 na-
noenzymes were first discovered to have enhanced peroxidase perfor-
mance. As seen from Fig. 3A, the maximum absorption peak of the
oxidation product of TMB is at 652 nm in the UV–vis absorption
spectra. The reaction color of PtPd NCs@MoS2 is significantly darker
than that of MoS2 and PtPd NCs, and the absorption peak is the largest,

which is related to the amount of blue oxide (TMB ox) indicating the
better catalytic performance. In the control experiment, only TMB and
H2O2 were added without any nanoenzymes, which caused no ab-
sorption peaks and color changes, indicating that H2O2 spontaneously
catalyzed oxidation of TMB was almost negligible, while nanoenzymes
could indeed simulate peroxidase-catalyzed oxidation of TMB by H2O2.
Moreover, steady state kinetics and catalytic activity were further in-
vestigated to compare the peroxidase properties of different na-
noenzymes by varying the concentration of H2O2. The kinetic constants
Km, Vm, and catalytic efficiency kcat/Km of different nanoenzymes were
calculated according to the Michaelis-Menten equation and the double
reciprocal curve (Fig. 3B–C). The larger Km value of PtPd NCs@MoS2
indicates stronger affinity for H2O2 and the larger Vm indicates faster
reaction rate (Table S1). Besides, the catalytic efficiency kcat/Km of PtPd
NCs@MoS2 nanoenzymes is 21.1, which is significantly larger than
MoS2 and PtPd NCs, suggesting that the composite nanoenzymes have
higher catalytic activity. Comparison of the above kinetic parameters
further indicates that PtPd NCs@MoS2 has much better peroxidase
performance than single PtPd NCs and MoS2. The prepared PtPd NCs@
MoS2 nanoenzymes with enhanced peroxidase properties may be at-
tributed to unique nanocubic stacking structure and large specific sur-
face area of nanosheets. In brief, PtPd NCs@MoS2 is an excellent na-
noenzyme with high peroxidase efficiency.

To reveal the reaction mechanism of the nanoenzyme, TA was used
to capture hydroxyl radicals (·OH) and produced unique fluorescence
near 425 nm. As shown in Fig. 3D, the fluorescence intensity of PtPd
NCs@MoS2 system was significantly greater than that of MoS2 and PtPd
NCs. The results not only demonstrate the hydroxyl radical mechanism
of the synthesized PtPd NCs@MoS2 catalytic reaction, but also show

Fig. 2. The TEM images: (A) MoS2 nanosheets, (B) PtPd NCs, (C) PtPd NCs@MoS2; The elemental mappings: (D) PtPd NCs, (E) Pd, (F) Pt; The SEM image of PtPd
NCs@MoS2 (G); The EDX spectrum of PtPd NCs@MoS2 (H).
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that the prepared composite nanomaterials have enhanced peroxidase
properties, which is consistent with the result of UV–vis spectra ana-
lysis.

3.3. Electrochemical characterization

The chronoamperometry method was used to demonstrate the cat-
alytic performance of the designed PtPd NCs@MoS2 nanoenzymes. As
shown in Fig. 4A, PtPd NCs@MoS2 exhibit much larger current signal
than MoS2 (curve a) and PtPd NCs (curve b) because the unique cubic
packing structure of PtPd NCs and the large specific surface area of
MoS2 can increase the reaction site. It further proves that our composite
nanoenzymes were successfully prepared and have enhanced catalytic
performance. The peak current was almost unchanged after multiple
scans, indicating that the prepared PtPd NCs@MoS2 has good stability
(Fig. 4B).

Cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) were used to examine the step-by-step assembly process,
further demonstrating the successful construction of the label-free im-
munosensor (Fig. 4C and D). The EIS consists of a semicircular and
linear portion in which the diameter of the semicircle is positively
correlated with the electron transfer resistance (Ret). The CV of GCE
(curve b) has a symmetrical redox peak. After PtPd NCs@MoS2 mod-
ification (curve a), the redox peak current increased significantly and
the AC impedance radius decreased significantly due to its good elec-
trical conductivity. With anti-HBs (curve c), BSA (curve d), and HBs Ag
(curve e) sequentially loaded, the peak current decreases, and the AC
impedance radius increases, which is attributed to the fact that the
protein inhibits electron transfer. In summary, a label-free electro-
chemical immunosensor was successfully manufactured.

In order to study the catalytic process of the prepared composite
nanoenzymes, the scanning speed was changed from 0.01 to 0.15 V/s,
and the peak current of CV was linear with the square root of the
scanning rate, indicating that the reaction process catalyzed by na-
noenzymes on the electrode surface was diffusion control (Fig. 4H). We

further studied the synergistic amplification effect of the prepared
composite nanoenzymes, and analyzed the active area after different
nanoenzyme modified electrodes using the Randles-Sevcik equation.
Randles-Sevcik equation is shown as follows:

= ×i D n ACv2.686 10p
5 1

2
3
2

1
2 , the ip in the formula is the peak current,

D is the diffusion coefficient, n is the number of electron transfer, C is
the concentration of K3[Fe(CN)6], v is the sweep speed, and A is the
active area. The effective area ratio of PtPd NCs@MoS2 and PtPd NCs is

=A A/ 1.15PtPd NCs MoS PtPd NCs@ 2 , which means the synergistic effects and
larger active area of PtPd NCs@MoS2 nanoenzyme. Therefore, we chose
PtPd NCs@MoS2 as a signal amplification platform for label-free im-
munosensors.

3.4. Optimization of experimental condition

In order to get better electrocatalytic signals, we optimized the ex-
perimental conditions: pH, the concentration of PtPd NCs@MoS2 and
the amount of anti-HBs. The pH of the PBS is very important for the
activity of the immunosensor, as strong acidic or basic conditions may
inactivate the antigen and antibody, thereby invalidating specific
binding. As the pH increases, the current signal appears to increase first
and then decrease. The best current signal is obtained at pH 7.43 be-
cause the antigen and antibody maintain good biological activity at this
time. Therefore, PBS of pH 7.43 was chosen as the best electrolyte for
electrochemical measurements (Fig. S4A).

The concentration of PtPd NCs@MoS2 can affect the electron
transfer rate and the amount of bound antibodies, and as the con-
centration of PtPd NCs@MoS2 increases, the site of bound antibodies
also increases. To amplify the current signal, more antibodies need to
be loaded, so we optimized the concentration of PtPd NCs@MoS2 and
the amount of anti-HBs. The current signal increases first and then re-
mains constant as the concentration of PtPd NCs@MoS2 increases (Fig.
S4B), and the maximum current response is obtained at a concentration
of 2.2mg/mL. When the concentration of PtPd NCs@MoS2 is 2.2mg/
mL, the maximum current signal can be obtained by changing the

Fig. 3. (A) Photographs and UV–visible
absorption curves for oxidation of TMB
of different systems (a. H2O2+TMB, b.
MoS2+H2O2+TMB, c. PtPd
NCs + H2O2+TMB d. PtPd NCs@
MoS2+H2O2+TMB) in PBS
(pH = 7.0); (B) Comparison of steady-
state kinetics of MoS2, PtPd NCs and
PtPd NCs@MoS2 in different con-
centrations of H2O2 with 5mmol/L of
TMB; (C) Double reciprocal plots of
activity of different nanoenzymes; (D)
Fluorescence spectra of interactions
between different nanoenzymes and TA
with H2O2 in system, nanoenzymes
(5 μg/mL) incubated with 1.2 mmol/L
TA and 0.3M H2O2 in 3mL of PBS
(pH=7.0).
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Fig. 4. (A) Ameperometic response: (a) MoS2, (b) PtPd NCs, (c) PtPd NCs@MoS2 in 10mL PBS (pH=7.38); (B) CV curves of PtPd NCs@MoS2 at 20 cycles of 0.1 V/s
with continuous scanning; (C) CV and (D) EIS of (a) PtPd NCs@MoS2/GCE, (b) bare GCE, (c) anti-HBs/PtPd NCs@MoS2/GCE, (d) BSA/anti-HBs/PtPd NCs@MoS2/
GCE, (e) HBs Ag/BSA/anti-HBs/PtPd NCs@MoS2/GCE; CV curves of electrode modified by (E) PtPd NCs and (G) PtPd NCs@MoS2 from 0.01 to 0.15 V/s in 0.1 mol/L
KCl containing 5.0 mmol/L K3[Fe(CN)6]3-/4-; The relationship between ip and v1/2 of (F) PtPd NCs and (H) PtPd NCs@MoS2.

Z. Tan, et al. Biosensors and Bioelectronics 142 (2019) 111556

6



amount of the anti-HBs added. As can be seen from Fig. S4C, as the
amount of anti-HBs added increases, the current signal gradually de-
creases. When the amount of bound anti-HBs reaches saturation, the
current signal remains unchanged. Therefore, the optimal amount of
anti-HBs is 6 μL (10 μg/mL). Detailed experiments were displayed in
supporting information.

3.5. Analytical performance of immunosensor

We have used PtPd NCs@MoS2 nanoenzymes with excellent cata-
lytic activity and conductivity to fabricate electrochemical im-
munosensors. DPV was chosen as the electrochemical detection method
instead of other method because it can effectively reduce the back-
ground current due to the subtraction of the capacitive current. In order
to demonstrate the excellent detection limits and sensitivity of the
prepared electrochemical immunosensors, PtPd NCs@MoS2 na-
noenzymes were used in colorimetric sensors for comparison. As the
antigen concentration increases, the immune complex formed on the
sensing interface can effectively prevent the diffusion pathway of the
substrate to the signal interface, resulting in reducing the response
current and the amount of blue product in the colorimetric reaction.
Fig. 5A shows the relationship between the DPV response and the HBs
Ag concentration with a low detection limit of 10.2 fg/mL in the linear
range from 32 fg/mL to 100 ng/mL. Fig. 5C shows the relationship
between the UV–vis absorbance and the HBs Ag concentration with a
low detection limit of 3.3 pg/mL in the linear range from 10 pg/mL to
100 ng/mL. The linear equation of electrochemical method is: I = −
11.34 lgC +44.43 with a correlation coefficient of 0.9975 (Fig. 5B). I
(μA) and C (ng/mL) represent current and HBs Ag concentration, re-
spectively. The linear equation of colorimetric method is: Ab = − 0.29
lgC +0.62 with a correlation coefficient of 0.9868 (Fig. 5D). Ab and C
(ng/mL) represent UV–vis absorbance at 652 nm and HBs Ag con-
centration, respectively. Electrochemical methods show lower detection
limits than colorimetric sensing, directly suggesting the advantages of
electrochemical sensors. To evaluate sensor performance, we compared
different assays in previously reported HBs Ag assays and found that

our electrochemical immunosensors showed lower detection limits
(Table S3).

3.6. Reproducibility, specificity and stability

Reproducibility, selectivity and stability are important for the eva-
luation of immunosensors. Therefore, the reproducibility of im-
munosensors was studied for five different electrodes prepared by
31.7 fg/mL HBs Ag. The relative standard deviation (RSD) of the five
electrodes was found to be 0.63%, indicating good reproducibility and
high precision of the immunosensor (Fig. 6A). When 50 ng/mL different
interfering substances: immunoglobulin G (IgG), BSA, carcinoem-
bryonic antigen (CEA) and alpha-fetoprotein (AFP) were added to a
solution of 31.7 fg/mL HBs Ag to study the specificity of im-
munosensors, the RSD of current signal was 1.1%, indicating the pre-
pared electrochemical immunosensor has good specificity. Moreover,
the interfering substances were added separately as a control experi-
ment, with small signal, further eliminating the influence of interfering
substances (Fig. 6B). The stability of prepared immunosensors can be
assessed by checking the magnitude of its current signal every other
week. As shown in Fig. 6C, the current response decreased slightly from
100% to 95.4% after four weeks, indicating good stability. The above
results indicate that the proposed immunosensor has good reproduci-
bility, specificity and stability for quantitative detection of HBs Ag.
Detailed information on the experimental conditions is provided in the
supplemental material.

3.7. Determination of HBs Ag in human serum

In order to study the feasibility of electrochemical immunosensors
for detecting actual samples, the concentration of HBs Ag in the three
serum samples was determined by standard addition method (Ruecha
et al., 2019). We added 1.00 ng/mL, 5.00 ng/mL and 10.00 ng/mL HBs
Ag solution to human serum samples. The relative standard deviation
was from 2.40% to 3.44%, and the recovery rate was from 98.40% to
100.76%, showing the accuracy of the immunosensor. To further verify

Fig. 5. (A) DPV responses and (C) UV–vis
absorption spectra of different concentra-
tions of HBs Ag: (a) 32 fg/mL, (b) 0.32 pg/
mL, (c) 2 pg/mL, (d) 10 pg/mL, (e) 31.7 pg/
mL, (f) 100 pg/mL, (g) 0.32 ng/mL, (h)
1 ng/mL, (i) 3.2 ng/mL, (j) 15.8 ng/mL, (k)
100 ng/mL; (B) Calibration curve of elec-
trochemical immunosensors, Error
bars=RSD (n= 5); (D) Calibration curve
of colorimetric method, Error bars=RSD
(n=5).
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the accuracy of the proposed immunosensor, a comparison of electro-
chemical immunosensors with commercial ELISA methods (Lequin,
2005) is provided in Table S4. The results show that the relative de-
viation between the two methods ranges from −1.75% to 2.22%, in-
dicating that there was no significant difference between the two
methods for the detection of these three samples. Therefore, the label-
free immunosensor we prepared may be a more accurate detection
method for the determination of HBs Ag in clinical serum.

4. Conclusions

We have creatively synthesized PtPd NCs@MoS2 nanoenzymes with
enhanced catalytic activity as a signal amplification platform to realize
quantitative detection of HBs Ag. PtPd NCs@MoS2 nanoenzymes can
effectively capture biomolecules and amplify current signals. The label-
free immunosensor based on PtPd NCs@MoS2 shows good specificity,
reproducibility and stability. By analysis and comparison, the electro-
chemical method shows a lower detection limit (10.2 fg/mL) and a
wider linear range (32 fg/mL to 100 ng/mL) than the colorimetric
method (3.3 pg/mL and 10 pg/mL to 100 ng/mL). Therefore, the pro-
posed electrochemical immunosensor is of great significance for accu-
rate and rapid detection of HBs Ag, early detection of liver cancer and
reduction of treatment costs.
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