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A B S T R A C T

A novel series of bimetallic AgMo heteronanostructures (Ag-PMo12) were prepared by annealing silver ions
doped phosphomolybdic acid (H3PMo12O40) at different temperatures (300, 600, and 800 °C), and explored as
the sensitive platforms for developing electrochemical biosensors to detect the trace bisphenol A (BPA).
Amongst, Ag-PMo12 calcinated at 600 °C gave a multicomponent nanohybrid of Ag, Ag2O, Ag2S, and ultra-thin
MoS2 nanosheet (denoted as Ag/Ag2O/Ag2S/MoS2(600)). This nanohybrid exhibited active electrochemical
performance, excellent biocompatibility, strong bioaffinity and superior adsorbability to aptamer strands,
leading to optimal sensing performance in comparison with other hybrids. As a result, the Ag/Ag2O/Ag2S/
MoS2(600)-based aptasensor displayed an ultralow detection limit of 0.2 fg mL−1 within the BPA concentration of
1–1000 fg mL−1. This aptasensor also showed high selectivity and good stability, reproducibility, regenerability,
and applicability in different situations. This result will not only develop an excellent sensing platform toward
BPA detection in aspects of environmental monitoring, food safety, and human health, but also present a pro-
mising sensing strategy that can be extensively explored to detect other targets via anchoring of various aptamer
strands.

1. Introduction

Bisphenol A (BPA) has been produced in high volume and widely
applied in chemical industry. BPA can be found in various products,
such as baby bottles, beverage containers, medical equipment, food
packaging, and thermal papers, and its global consumption in 2016 was
8 million metric tons, leading to a wide contamination in different
environments [1]. The European Union has mandated that the BPA
amount in products should be less than 3mg kg−1. Since 2011, its
utilization in baby bottle production was prohibited in China because
BPA with low dosage can result in endocrine dyscrasia and tumors [2].
Due to the negative effects of BPA on the environment and human
health, the detection of trace BPA is urgently needed in order to en-
hance the food safety, monitor the environment, and improve the
human health. Currently, several methods, such as enzyme-linked im-
munosorbent assay [3], surface enhanced Raman scattering (SERS) [4],
surface plasmon resonance [5], quartz crystal microbalance [6], fluor-
escence [7], and electrical sensing [8] have been developed to detect
BPA. In this regard, electrochemical biosensors have received

increasing attention for the fast response and feasible operation [9].
Different probe molecules, including enzymes [10], antibodies [11],
and aptamers [12], can serve as the bio-recognition elements to achieve
the high selectivity of electrochemical biosensors. Notably, aptamers
have been most widely applied owing to their high stability, easy
modification, repeatable and simple synthesis, and low cost [8].

To improve the detection sensitivity of electrochemical biosensors,
diverse types of electrode materials, including carbon materials, in-
organic nanoparticles, and porous organic frameworks, have been ex-
plored [13]. Amongst, molybdenum chalcogenides have attracted much
attention for their low toxicity in sensing organic analytes, high surface
activity, and tailorable surface/electronic structures [14], thus illus-
trating promising biosensing performances for the determination of
heavy metal ions [15], H2O2 for cancer cells [16], or miRNA [17].
Particularly, MoS2, a layered transition metal dichalcogenides, have
aroused a lot of interests for biosensors [18] due to its inexpensive
price, good stability [19], and potential catalytic properties [20,21].
For instance, biofunctionalized MoS2 nanosheet was used as fluorescent
probe for in situ detecting targeted miRNA in living cancer cells, in
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which MoS2 nanosheet offered advantages of high fluorescence
quenching efficiency and extremely low toxicity [22]. Chemical vapor
deposition-grown monolayer MoS2 films were adopted for the con-
struction of field-effect transistor-based DNA biosensor and explored for
noninvasive prenatal testing of trisomy 21 syndrome, which can re-
liably detect target DNA fragments (chromosome 21 or 13) with a de-
tection limit below 100 aM [23]. Unfortunately, the relatively lower
electrical conductivity of MoS2 (1.56×10−4 S cm−1) serves as a bar-
rier in electrochemical sensing [24]. This shortcoming of MoS2 can be
solved by introducing conductive metal nanoparticles (Au, Ag, and Cu)
for the formation of multi-metallic heterostructure [25,26]. Further-
more, the MoS2 nanosheets were also obtained by the hydrothermal
strategy using an Anderson-type (NH4)4[MIIMo6O24H6]·6H2O poly-
oxometalates (M=Co, Ni, Fe) as bimetal precursors and thiourea as
modifier [27–29]. Integrating with other metal ions, this multiple me-
tallic doped MoS2 architecture demonstrates a disordered structure,
exposure of active heterointerfaces, a “highway” of charge transport on
two dimensional conductive channels, and abundant active catalytic
sites from the synergistic effect of the heterostructures, thus showing
outstanding applicability in electrochemical catalysts and biosensors
[30,31].

Among these metals, Ag has been a key focus of the research and
development to construct biosensors owing to the convenient synthesis,
ultrasmall size, excellent conductivity, catalytic activity, biocompat-
ibility, cell viability, and environmentally responsive properties [32].
Recently, Ag-polyoxometalates (Ag-POM) hybrids or nanocomposites
were prepared and mainly applied for catalytic and photocatalytic
[33–35]. For example, a Keggin type polyoxometalate, [PMo12O40]3−

(PMo12) was mixed with AgNO3 to obtain Ag-PMo nanocomposite by
electrodeposition, in which metallic Ag was formed upon reduction of
Ag+. In this way, the adsorption of PMo12 on the surface of the newly
formed Ag lowered its surface energy and stabilized the nanostructure,
thus improving the electrocatalytic performance of the Ag-PMo12 na-
nocomposite for CO2 reduction [36]. Similarly, a typical {Ag6Mo7O24}
@Ag-MOF provided more active sites, faster ion/electron transfer, and
electrolyte diffusion pathways, resulting in excellent specific capaci-
tance higher than other compounds. These investigations further
proved the high electrocatalytic activity of AgMo heterostructure [37].
According to these above discussions, it would be high desirable for the
development of the bimetallic AgMo heteronanostructure based on Ag-
POM and exploring it as the platforms for anchoring aptamer strands to
construct biosensor. Nevertheless, the investigation of POM-derivatives
based electrochemical aptasensors is still in its infancy, especially those
for detecting small hazardous molecules in polluted environments or
foods.

In this work, silver doped phosphomolybdic acid was prepared by
hydrothermal method using phosphomolybdic acid H3PMo12O40

(PMo12), AgNO3, and thioacetamide (CH3CSNH2) as raw materials
(denoted as Ag-PMo12). Novel electrochemical aptasensors were con-
structed for the determination of BPA based on the bimetallic AgMo
heteronanostructures obtained by annealing Ag-PMo12 at different
temperatures of 300, 600, and 800 °C (Scheme 1). Firstly, MoS2 na-
nosheets were produced by the reaction of PMo12 and CH3CSNH2 [29]
and doped with abundant Ag+ ions by the hydrothermal method.
During the calcination at high temperature, most of Ag+ ions were
oxidized to Ag2O and vulcanized to Ag2S, where small amount of Ag+

ions were reduced to Ag0 nanoparticles when calcined at extremely
high temperature (600 and 800 °C) [38]. Due to the strong bioaffinity
between DNA strands and MoS2 [39,40] or Ag-based substances [41],
abundant BPA aptamer can anchor over the Ag/Ag2O/Ag2S/MoS2
matrix in virtue of π−π stacking interaction [42], Van Der Waals force
[43], and coordination interaction between metal oxide or sulfide and
DNA aptamer strands [44], leading to a superior sensing performance
for BPA. In comparison with the aptasensors on the basis of PMo12, Ag-
PMo12, Ag-MoS2(300), and Ag/Ag2O/Ag2S/MoS2(800), the Ag/Ag2O/
Ag2S/MoS2(600) nanohybrid-based aptasensor showed remarkably high

detection sensitivity due to its excellent electrochemical activity, large
specific surface area, good biocompatibility, and homogeneous multi-
phases. Further, compared with the known BPA sensors, the Ag/Ag2O/
Ag2S/MoS2(600)-based aptasensor illustrated the following advantages:
(i) simple material preparation using hydrothermal method and calci-
nation process without any post-synthesis, (ii) label-free aptamer
strands without electrochemical indicators, and (iii) great enhancement
of the electrochemical signal by active Ag and Mo centers [36,37]. This
sensing strategy also establishes a new platform for different apta-
sensors towards environmental monitoring and food safety.

2. Materials and methods

The sections of materials and chemicals, synthesis of PMo12 na-
nosheets (NSs), preparation of all solutions, pretreatment of bare Au
electrode (AE), basic characterizations, and electrochemical measure-
ments, was supplied in Supplementary Material (S1 part).

2.1. Synthesis of Ag-PMo12 and the series of Ag-PMo12-derived nanohybrids

PMo12 NSs were prepared as described in S1.2 (Supplementary
Material). The preparation of Ag-PMo12 was similar to that of PMo12,
except for the addition of AgNO3 solution (by dissolving 1 g of AgNO3

into 10mL of Milli-Q water).
A series of Ag-PMo12-derived nanohybrids were obtained from Ag-

PMo12 via annealing at different temperatures (300, 600, and 800 °C).
First, Ag-PMo12 (100mg) was transferred into a tube furnace and he-
ated at 300, 600 and 800 °C, respectively, under N2 atmosphere for 2 h
at a heating rate of 5 °Cmin−1. The calcined sample was collected after
cooling to room temperature under N2. The final products were denoted
as Ag-MoS2(300), Ag/Ag2O/Ag2S/MoS2(600), and Ag/Ag2O/Ag2S/
MoS2(800) based on their components and calcination temperatures.
Besides, the usage of N2 atmosphere was to maintain the whole calci-
nation process in an oxygen-free environment to avoid that the sample
reacted with the oxygen in air. During the annealing process,
H3PMo12O40 was reacted with CH3CSNH2 and transformed to MoS2,
while Ag+ ions were transformed to Ag2O, Ag2S, or Ag0. Actually, it is
pretty hard for nitrogen to react with the sample. Consequently, no
compound containing N was found in XRD and XPS.

2.2. Fabrication of aptasensors based on different nanomaterials

Five types of aptasensors on the basis of different electrode mate-
rials such as PMo12, Ag-PMo12, Ag-MoS2(300), Ag/Ag2O/Ag2S/
MoS2(600), and Ag/Ag2O/Ag2S/MoS2(800) were developed for BPA de-
tection. The optimal electrode material was used for further electro-
chemical tests after comparing the sensing performances of aptasensors.
As an example, the fabrication procedure of the Ag/Ag2O/Ag2S/
MoS2(600)-based aptasensor was described below in detail. The Ag/
Ag2O/Ag2S/MoS2(600) powder (1.0 mg) was dispersed into Milli-Q
water (1.0 mL) and fully mixed by ultra-sonication to obtain a homo-
geneous Ag/Ag2O/Ag2S/MoS2(600) suspension. Then, the Ag/Ag2O/
Ag2S/MoS2(600) suspension (5.0 μL, 1.0mgmL−1) was dropped onto the
pretreated AE surface and dried at room temperature for 3 h to obtain
Ag/Ag2O/Ag2S/MoS2(600)/AE, which was separately rinsed by ethanol
and Milli-Q water. Afterward, the modified AE was incubated with the
aptamer solution (100 nM) at 4 °C for 30min for ensuring the saturated
anchoring of aptamer over the Ag/Ag2O/Ag2S/MoS2(600)/AE surface.
Finally, the as-prepared Apt/Ag/Ag2O/Ag2S/MoS2(600)/AE was im-
mersed in BPA solution for further electrochemical measurements
(denoted as BPA/Apt/Ag/Ag2O/Ag2S/MoS2(600)/AE).

2.3. Electrochemical measurements

The detail for electrochemical measurements was listed in S1.6
(Supplementary Material). The BPA detection was explored by both
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cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) techniques using different aptasensors based on PMo12, Ag-PMo12,
and the series of Ag-PMo12-derived nanohybrids.

To obtain the optimal experimental conditions, different parameters
such as the dosage of the chosen nanohybrid, the aptamer concentra-
tion, and the binding time of BPA with the aptasensor were optimized
for detecting BPA. Herein, different dosages of the chosen nanohybrid
(0.1, 0.2, 0.5, 1, and 2mgmL−1) were applied to evaluate the sensing
performance of aptasensor for the detection of BPA. Moreover, the
modified AEs were incubated with the aptamer solutions with different
concentrations (10, 20, 50, 100, 200, and 500 nM) to optimize the ex-
perimental condition for achieving the highest detection efficiency for
BPA. Also, the aptasensor was incubated with BPA solution and re-
corded by EIS at diverse durations to obtain the influence of binding
time on the sensing performance. As such, the optimal experimental
conditions can be determined for further measurements.

The detection limit of aptasensor was assessed by incubating Apt/
Ag/Ag2O/Ag2S/MoS2/AE with different concentrations of BPA solution
(0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 1 pgmL−1) and recorded with
EIS, followed by fitting all EIS Nyquist plots using the Zview2 software.

The reproducibility was explored by developing five aptasensors
independently and assessed by EIS for comparing their sensing perfor-
mances. The stability of aptasensor was characterized by storing BPA/
Apt/Ag/Ag2O/Ag2S/MoS2/AE in refrigerator (4 °C) for 15 days and
determined by EIS every day.

For probing the selectivity of aptasensor, the Apt/Ag/Ag2O/Ag2S/
MoS2/AE was immersed with the interferences including uric acid
(UA), benzidine (DAB), phenol (PN), 4-nitrophenpl (NPN), dopamine
(DA), ascorbic acid (AA), benzaldehyde (BA), benzophenone (BP), re-
sorcinol (DB), and their mixture with BPA, and studied by EIS. In each
case, the concentration of interference (1 ngmL−1) is 100-folds that of
BPA.

The regenerability of aptasensor was obtained by rinsing BPA/Apt/

Ag/Ag2O/Ag2S/MoS2/AE using 1mM NaOH at room temperature for
5min, and followed by rinsing with a large amount of phosphate buffer
solution (PBS). Then, the electrode was immersed into BPA solution
(1 fgmL−1) until the EIS response was up to the origin level. The same
procedure was repeated by 7 cycles.

2.4. Real sample analysis

River water, milk and human serum were used to assess the ap-
plicability of aptasensor. The river water was taken from the Xushui
River at the High-tech Zone in Zhengzhou, China. Milk was from
Yonghui supermarket in Zhengzhou, China. Human serum was pur-
chased from Beijing Solarbio Science & Technology Co., Ltd. A 3 kDa
dialysis bag was used to remove the interfered compounds from human
serum, allowing BPA with low molecular weight to pass through. The
BPA solutions with different concentrations (0.001, 0.005, 0.01, 0.05,
0.1, 0.5, and 1 pgmL−1) were added into the three types of samples to
test the applicability. The incubation time of aptasensor with the real
samples was 30min.

3. Results and discussion

3.1. Chemical structures/components of Ag-PMo12 and the series of Ag-
PMo12-derived nanohybrids

The basic characterizations of PMo12 NSs and Ag-PMo12 were pro-
vided and discussed in S2 (Supplementary Material). Their Field
emission scanning electron microscope (FE-SEM) and Transmission
electron microscopy (TEM) images (Figs. S2 and S3) showed that MoS2
NSs was derived from PMo12 by the hydrothermal method. Further, FE-
SEM images (Figs. S3a and b) of Ag-PMo12 showed a tight and large
sphere-shape. The solid block sphere in TEM image (Fig. S3c) hinted its
dense structure. HR-TEM image suggested that the dense spheres are

Scheme 1. Fabrication procedure of the Ag-PMo12-derived nanohybrids-based aptasensors for BPA detection, including (i) synthesis of Ag-PMo12, (ii) preparation of
Ag-PMo12-derived nanohybrids, (iii) immobilization of aptamer, and (iv) detection of BPA.
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wrapped by thin layers (Fig. S3d), also showing the lattice spacing of
MoS2 NSs (Fig. S3e). No Ag-related lattice was observed, indicating its
ionic state doped in the MoS2 NSs.

Figs. S4 and 1 indicated the FE-SEM and HR-TEM images of the
series of Ag-PMo12-derived nanohybrids. The surface morphologies of
Ag-MoS2(300) and Ag/Ag2O/Ag2S/MoS2(800) were similar with that of
the PMo12 spheres with irregular shape (Figs. S4a, b, e, and f).
However, irregular flowers were observed for the Ag/Ag2O/Ag2S/
MoS2(600) nanohybrid (Figs. S4c and d), composed of a number of na-
nosheets with loose nanostructure. Although the nanosheet structure
was obscurely found for Ag-MoS2(300) and Ag/Ag2O/Ag2S/MoS2(800),
their TEM images obviously showed the assembled nanosheets (Fig. 1a,
b, g and h), which were similar to the Ag/Ag2O/Ag2S/MoS2(600) na-
nohybrid (Fig. 1d and e). Among the three samples, the Ag/Ag2O/Ag2S/
MoS2(600) nanohybrid showed the looser structure and thinner na-
nosheets, which was consistent with the FE-SEM results. The HR-TEM
images (Fig. 1c, f, and i) indicated lattice spacing of the (002) plane of
MoS2 [45]. An additional lattice spacing of 0.241 nm appeared in Ag/
Ag2O/Ag2S/MoS2(600), owing to the (200) plane of Ag2O [46]. With

regard to Ag/Ag2O/Ag2S/MoS2(800), another new lattice spacing of
0.236 nm assigned to the (111) plane of metal Ag [47] is observed apart
from Ag2O and MoS2 in the HR-TEM image (Fig. 1i). These results re-
vealed the Ag+ ions doped in PMo12 was not transferred after annealing
at 300 °C, but showing the preferable oxidation state of Ag2O when the
calcination temperature was higher than 600 °C. When the annealing
temperature was further increased, partial Ag component was reduced
to the metal state, Ag.

The crystal structures were studied by X-ray diffraction (XRD). The
XRD pattern of PMo12 (Fig. 2a) showed three diffraction peaks at 8.9°,
33.4°, and 58.3° from MoS2 [48], which was confirmed by the HR-TEM
result. In this work, MoS2 was produced when PMo12 was treated with
CH3CSNH2 by hydrothermal method. However, no obvious peak was
observed in Ag-PMo12 due to its low crystallization. As for Ag-
MoS2(300), three characteristic peaks appeared at 13.9°, 33.4°, and
58.3°, which was ascribed to MoS2 [48]. This result demonstrated that,
when the temperature was low, PMo12 contained in Ag-PMo12 trans-
formed to MoS2, while Ag+ ions doped in Ag-PMo12 still kept their ionic
state, and had no effect on the XRD patterns of Ag-MoS2(300). The XRD

Fig. 1. TEM and HR-TEM images of (a, b, c) Ag-MoS2(300), (d, e, f) Ag/Ag2O/Ag2S/MoS2(600), and (g, h, i) Ag/Ag2O/Ag2S/MoS2(800).
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pattern of Ag/Ag2O/Ag2S/MoS2(600) indicates the characteristic peaks
at 11.2°, 13.9°, 33.4°, and 58.3° due to MoS2 [48] as well as the peaks at
32.0°, 32.6°, 53.3°, and 56.5° attributed to Ag2O [49]. Two other peaks
at 25.4° and 45.6° are assigned to Ag2S; while the peaks at 28.9°, 38.5°,
and 44.1° are ascribed to metal Ag [50]. Apparently, when the calci-
nation temperature increased to 600 °C, the reactions of Ag+ ions with
(PMo12O40)3− and S2− occurred, resulting in the formation of Ag2O/
Ag2S nanocrystals, which were embedded within the MoS2 nanosheets.
Besides, a small partial Ag+ ions were reduced to its metallic state, Ag0.
As such, the MoS2 nanosheets were utilized as the support of Ag2S,
Ag2O, and Ag0 nanocrystals, which can avoid them to be aggregated
and greatly improve the electrochemical activity and bioaffinity toward
aptamer [20]. That is to say, the Ag/Ag2O/Ag2S/MoS2(600) nanohybrid
is comprised of multiple components. The XRD pattern of Ag/Ag2O/
Ag2S/MoS2(800) illustrates similar composition as that of Ag/Ag2O/
Ag2S/MoS2(600). However, the formed O/S-related gas molecules were
released at 800℃ [44], leading to more Ag+ ions reduced to Ag0. These
results suggest that Ag-PMo12 was changed to MoS2 NSs embedded with
multiple components of Ag2O, Ag2S, and Ag0 in the presence of
CH3CSNH2 by annealing at extremely high temperatures. Obviously,
the component and structure of the products were remarkably affected
by the calcination temperature. This conversion in the chemical struc-
ture and components of Ag-PMo12 can remarkably enhance the elec-
trochemical activity and facilitate the biomolecule adsorption. As dis-
cussed in the previously reported work [41], the high-resolution XPS
spectra revealed that Ag atoms mainly interact with oxygen atoms of
the phosphodiester bond and deoxyribose bearing on DNA, while the
Ag+ ions preferentially interact with the nitrogen atoms of the DNA

bases. Therefore, different valence states of Ag components can lead to
different combination modes with DNA, further resulting in different
adsorption capacity of the three nanohybrids. As shown in XRD pat-
terns, Ag-MoS2(300) includes one existence form of Ag+, and can only
interact with the nitrogen atoms on DNA bases. Since Ag/Ag2O/Ag2S/
MoS2(600) includes Ag2O, Ag2S and Ag0, it can interact both with ni-
trogen atoms on DNA bases and oxygen atoms of the phosphodiester
bond and deoxyribose in DNA. Even the Ag/Ag2O/Ag2S/MoS2(800) hy-
brid has the similar composition with that of Ag/Ag2O/Ag2S/MoS2(600),
the high crystallinity and regular nanostructure of Ag/Ag2O/Ag2S/
MoS2(800) are unfavorable for anchoring aptamer strands. By compar-
ison, their electrochemical activities and biomolecule adsorption follow
the order of Ag/Ag2O/Ag2S/MoS2(600) >Ag-MoS2(300)>Ag/Ag2O/
Ag2S/MoS2(800), which is also verified by their electrochemical results
(Fig. 3d).

Raman spectroscopy was also used to investigate their chemical
structures. The Raman spectrum of PMo12 (Fig. 2b) revealed the specific
peaks located at 281, 378, 405, 818, and 942 cm−1, which were at-
tributed to the E12g and A1g vibrational modes of MoS2 [51]. The Raman
spectrum of Ag-PMo12 is the same as that of PMo12. This result revealed
that the addition of Ag+ has no influence on the chemical structure of
PMo12. Those main peaks originating from MoS2 are also observed for
Ag-MoS2(300) after annealing at 300 °C, indicating that the chemical
structure of Ag-PMo12 was slightly changed. However, only two MoS2
bands at 378 and 405 cm−1 are found for Ag/Ag2O/Ag2S/MoS2(600) and
Ag/Ag2O/Ag2S/MoS2(800). Compared with the Raman modes of PMo12,
the E12g mode of Ag/Ag2O/Ag2S/MoS2(600) and Ag/Ag2O/Ag2S/
MoS2(800) nanohybrids obviously upshifted as a result of the softening

Fig. 2. (a) XRD patterns and (b) Raman spectra of PMo12, Ag-PMo12, and the three nanohybrids. High-resolution (c1, d1, e1) Ag 3d, (c2, d2, e2) Mo 3d, and (c3, d3,
e3) S 2p XPS spectra of (c) Ag-MoS2(300), (d) Ag/Ag2O/Ag2S/MoS2(600), and (e) Ag/Ag2O/Ag2S/MoS2(800).
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of E12g vibrations, suggesting that the interaction between Ag/Ag2O/
Ag2S and MoS2 obviously softened the lateral vibration between S and
Mo atoms [20].

Fig. S5 shows the N2 adsorption and desorption isotherms of the five
samples. The specific surface areas are 93.6, 151.3, 138.5, 19.5, and
23.8 m2 g−1, respectively, for PMo12, Ag-PMo12, Ag-MoS2(300), Ag/
Ag2O/Ag2S/MoS2(600), and Ag/Ag2O/Ag2S/MoS2(800), with the pore
sizes of 18.6–95.1, 18.6–94.7, 3.6–11.4, 3.7–5.3/6.2–29.1, and
3.8–5.4/6.0–31.1 nm, revealing their mesoporous features. PMo12 and
Ag-PMo12 show larger pore sizes, while after calcination of Ag-PMo12,
the coordination effect between Ag+ and PMo12 can be weaken, and the
formed Ag/Ag2O/Ag2S nanocrystals are possibly to embed within the
MoS2 nanosheets, leading to a great decrease of pore size. Despite this,
the high mesoporosity of Ag/Ag2O/Ag2S/MoS2 still endows them with
excellent electrochemical activity. These features are favorable for the
enhancement of biosensing performance of the Ag/Ag2O/Ag2S/MoS2-
based aptasensors.

The high-resolution X-ray photoelectron spectroscopy (XPS) for
each element containing in PMo12 and Ag-PMo12 was analyzed and
shown in Supplementary Material (S2 part). The results verify that
PMo12 and Ag-PMo12 comprise the mixed valences of Mo (Mo4+/
Mo5+/Mo6+) and S (S2−/S22−/S6+), multiple MoeO/MoeS/SeO/
CeO components, and abundant oxygen vacancies, which can re-
markably facilitate the electron transfer and improve the electro-
chemical activity [52]. Moreover, a clear Ag+ signal is observed in Ag-
PMo12.

As for the series of Ag-PMo12-derived nanohybrids (Fig. 2c–e), the
high-resolution Ag 3d XPS spectra also demonstrate two clear peaks,
which are ascribed to Ag+ and similar to those of Ag-PMo12. The Mo 3d
XPS spectrum of Ag-MoS2(300) shows a relative high content of Mo5+

and Mo6+ ions among the three samples and MoeOx bond is observed.
By contrast, the Mo6+ ion containing in Ag/Ag2O/Ag2S/MoS2(600)
displays a low intensity because of its small peak area [53]. For Ag/
Ag2O/Ag2S/MoS2(800), only low content of Mo–eOx bond is found
without any Mo5+/Mo6+ ion, indicating its complete decomposition at
higher temperature. The large peak area of Mo4+ ion (Figs. 2d2 and e2)
further demonstrated that most of the Mo5+/Mo6+ ions were reduced
to Mo4+ ion by the hydrothermal method, and MoS2 was produced
during this process. Only S2− 2p3/2 and S2− 2p1/2 peaks appear in the S
2p XPS spectra for the series of nanohybrids, suggesting the production
of Ag2S or MoS2. The above analysis indicates that calcination of Ag-
PMo12 at high temperatures results in nanohybrid products containing
Ag, Ag2O, Ag2S, and MoS2, with ultra-thin nanosheet structure, mixed
chemical valence, multiple components, and abundant oxygen va-
cancies. These features could not only boost the electron transfer but
also improve the biomolecule anchoring [54], which thus enhance the
sensing performance of the electrochemical aptasensor.

3.2. Electrochemical sensing performance of the aptasensors based on the
samples

Herein, the EIS and CV approaches have been applied to verify the
fabrication procedure of the aptasensors based on PMo12, Ag-PMo12,
and the series of Ag-PMo12-derived nanohybrids. Figs. S9 and S10
present the CV curves for BPA detection by different aptasensors. The
bare AEs show typical well-defined redox peaks with a high peak cur-
rent of 200.3 μA, along with the narrow peak-to-peak separation (ΔEp)
of 0.17 V. The high peak current and narrow ΔEp reveal the excellent
electrochemical activity of the bare AE. After modification with dif-
ferent nanomaterials, the peak current of the modified AE clearly

Fig. 3. EIS Nyquist plots of the aptasensors based on (a) Ag-MoS2(300), (b) Ag/Ag2O/Ag2S/MoS2(600), and (c) Ag/Ag2O/Ag2S/MoS2(800) for detecting BPA in PBS
containing 5.0 mM [Fe(CN)6]3−/4− redox probe. (d) Variations in Rct for each stage during the fabrication procedure of BPA aptasensors based on PMo12, Ag-PMo12,
Ag-MoS2(300), Ag/Ag2O/Ag2S/MoS2(600), and Ag/Ag2O/Ag2S/MoS2(800).
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declines, accompanied with the increase of ΔEp. Among these electrode
materials, Ag/Ag2O/Ag2S/MoS2(600)/AE shows the highest peak current
and narrowest ΔEp value, indicating its good electrochemical perfor-
mance. This results also demonstrates that the annealing treatment of
Ag-PMo12 at appropriate temperature is beneficial for accelerating the
electron transfer.

After immobilization of the aptamer strands onto the modified AEs,
a slight decrease in peak current and increase in ΔEp value were found,
which can be ascribed to the repulsion interaction between the nega-
tively charged phosphate groups on aptamer strands and [Fe(CN)6]3−/

4− redox probe. As a result, the electron transfer at the electrode/
electrolyte interface is hampered [55]. Here, Apt/Ag/Ag2O/Ag2S/
MoS2(800)/AE shows a small decrease in peak current, which indicates
that only few aptamer strands were immobilized onto the modified AE
surface. By contrast, Apt/Ag-PMo12/AE has large variation in the peak
current, which is due to the high bioaffinity of Apt/Ag-PMo12/AE to-
ward the aptamer, thus facilitating additional aptamer anchoring over
the modified AE surface.

When the proposed aptasensors were used to detect BPA in water
solution, their peak currents continuously decline, and accordingly,
their ΔEp values increase. As previously mentioned, the immobilized
aptamer strands would combine with the BPA molecules to form the
aptamer-BPA complex. This leads to the conformation change of ap-
tamer strands [56], which can further disturb the electron transfer and
decrease the peak current. Although the Ag-PMo12-based aptasensor
shows superior aptamer immobilization performance, the change of
electrochemical signal by detecting BPA is smaller than that based on
Ag/Ag2O/Ag2S/MoS2(600). This finding indicates that the formed ap-
tamer-BPA complex would partially remove from the Ag-PMo12 matrix.

The consistent results were verified by EIS results using the series of
Ag-PMo12-derived nanohybrid-based aptasensors (Fig. 3) and the
PMo12- and Ag-PMo12-based ones (Fig. S10). Table S1 summarizes the
deduced charge transfer resistance (Rct) values for each step during the
fabrication of different aptasensors. The three aptasensors based on
Ag2O/Ag2S/MoS2 nanohybrids exhibit similar electrochemical beha-
viors (Fig. 3a–c). The bare AEs show small Rct values of 30.9–33.9 Ω,
verifying their remarkable electrochemical activity and making the
electron transfer at the electrode/electrolyte feasible [55]. The mod-
ification with PMo12, Ag-PMo12, and the series of Ag-PMo12-derived
nanohybrids results in the larger Rct values (from 165.7 Ω to 305.6 Ω)
of the modified electrodes than the bare AEs. This finding suggests that
the series of Ag-PMo12-derived nanohybrids exhibit inferior electro-
chemical activities to the bare AEs, which hinders the electron transfer
and increases the Rct values. In comparison with the reported nano-
porous frameworks (Table S2), such as Tb-MOF-on-Fe-MOF (529 Ω)
[57], ZrHf-MOF (475 Ω) [58], Zr-MOF (523 Ω) [59], and CeCu-MOF
(650 Ω) [60], the Ag-PMo12-derived nanohybrids show better electro-
chemical performance, which can enlarge the detecting electrochemical
signal and further facilitate the sensitivity of aptasensors. Among the
three nanohybrids, Ag-MoS2(300) shows the smallest Rct value (165.7
Ω), manifesting its excellent electrochemical performance. Under the
lower temperature (300 °C), the Ag-PMo12 nanostructure was partially
decomposed. Given the intrinsic high electrochemical activity of
PMo12, the Ag-PMo12 nanosheet has an opened electron transport
channel, thereby providing additional electroactive sites, shorter elec-
tron transfer, and electrolyte diffusion pathways [61]. After the apta-
mers were anchored over the modified AEs, the Rct values continuously
increase (from 268.9 Ω to 788.9 Ω). When detecting BPA from aqueous
solution, the EIS responses continuously raise and display even large Rct

values ranging from 526.5 Ω to 1101.3 Ω. However, the differences of
these aptasensors are difficult to evaluate only using the Rct values,
caused by each modified step during the developing procedure for
different sensors. Therefore, a proper analytical method must be ex-
plored to confirm the sensing performance and optimize the platform
materials.

Normally, the differential of Rct values (ΔRct) before and after the

electrode modification with different layers for each step is correlated
with the amount of added materials [44]. When the electrochemical
biosensors exhibit excellent reproducibility, an increase in Rct can be
observed as a result of the targeted binding [55]. Therefore, the large
ΔRct value obtained by detecting BPA indicates the excellent sensing
performance of an aptasensor. The ΔRct values for each step against
different aptasensors based on PMo12, Ag-PMo12, and Ag-PMo12-de-
rived nanohybrids were summarized in Fig. 3d and Table S3. Among
the three types of Ag-PMo12-derived nanohybrids, Ag-MoS2(300) leads to
the smallest ΔRct value (134.8 Ω), revealing its good electrochemical
activity. The other two nanohybrids show comparable ΔRct values of
189.1 and 209.8 Ω, respectively. After the immobilization of aptamer,
Ag/Ag2O/Ag2S/MoS2(600)/AE exhibits optimal immobilization ability,
resulting in a ΔRct value of 212.4 Ω. As previously reported [41], Ag0

mainly interact with the oxygen atoms of the phosphodiester bond and
deoxyribose in DNA, while Ag+ preferentially interact with the ni-
trogen atoms of DNA bases. This effect is much more significant when
the Ag+ ions are transferred to Ag2O and Ag2S. Therefore, different
valence states of Ag facilitate the aptamer strands to largely anchor over
the modified AE. On the contrary, Ag/Ag2O/Ag2S/MoS2(800)/AE has
poor aptamer anchoring, only showing a small ΔRct value of 66.1 Ω.
The TEM and XRD results indicate that the crystallinity of Ag/Ag2O/
Ag2S/MoS2(800) is the highest. The highly regular nanostructure is un-
favorable for anchoring aptamer strands [62] because of its interior
detection efficiency for BPA. The obtained ΔRct value of BPA/Apt/Ag/
Ag2O/Ag2S/MoS2(600)/AE is large (444.6 Ω) due to the specific ad-
sorption of BPA with the aptamer immobilized onto the modified AE
[63]. Consequently, Ag/Ag2O/Ag2S/MoS2(600) was chosen as the plat-
form for developing the BPA aptasensor. This nanohybrid could not
only improve the electron transfer but also increase the binding sites for
aptamer strands, thus exhibiting superior sensing performance [55].

The optimal conditions for detecting BPA using the Ag/Ag2O/Ag2S/
MoS2(600)-based aptasensor were also evaluated (S4 in Supplementary
Material): the Ag/Ag2O/Ag2S/MoS2(600) dispersion concentration is
1.0 mgmL−1; the aptamer concentration is 100 nM; and the binding
time for BPA is 40min.

3.3. Sensitivity of the developed aptasensor based on Ag/Ag2O/Ag2S/
MoS2(600) nanohybrid

The detection sensitivity, which can be represented by the limit of
detection (LOD), should be determined for the aptasensor [55]. The low
LOD suggests high sensitivity of the electrochemical aptasensor. The
dynamic range of the developed Ag/Ag2O/Ag2S/MoS2(600)-based ap-
tasensor was separately tested by incubating with BPA solutions at
concentrations ranging from 1 fgmL−1 to 1 pgmL−1. Fig. 4a shows that
the EIS responses for BPA detection increase with the increased BPA
concentrations. The BPA solution with high concentration would lead
to the formation of additional aptamer-BPA complexes, which greatly
hinder the electron transfer at electrolyte/electrode interface [55]. The
calibration curve could be achieved from the ΔRct values of five in-
dependent Ag/Ag2O/Ag2S/MoS2(600)-based aptasensors (Fig. 4b). The
obtained ΔRct values increase with increscent BPA concentration ran-
ging from 1 fg·mL−1 to 1 pgmL−1. However, these values slowly ap-
proach equilibrium when the BPA concentration is above 1 pgmL−1.
The ΔRct values were taken as the functions of the logarithm of BPA
concentration. Accordingly, a good linear relationship (Fig. 4b inset),
having a regression equation of ΔRct (Ω)= 647.46+ 172.44 log CBPA

with correlation coefficient R2= 0.9921, was obtained. The LOD was
deduced to be 0.2 fgmL−1 with a signal to noise ratio of 3 according to
the IUPAC approach [64].

The proposed electrochemical sensing platform based on the Ag/
Ag2O/Ag2S/MoS2(600) nanohybrid shows a lower LOD and wider dy-
namic range, compared with the reported BPA aptasensors (Table 1).
The promising sensing performances can be ascribed to the following
factors: (i) the Ag/Ag2O/Ag2S/MoS2(600) nanohybrid exhibits some
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intrinsic features, such as physiochemical stability and high electro-
chemical activity, thus providing high stability in the water solution,
accelerating the electron transfer, and generating more sites for ap-
tamer immobilization; (ii) the assembled 2D nanosheets of the POM-
derived nanohybrid shows good adsorption ability, thus boosting the
stability of aptamer-BPA complex and enhancing the sensing perfor-
mance; and (iii) the superior electrochemical activity of the nanohybrid
can avoid the use of electrode indicator along with the label-free design,
thereby reducing the cost and shortening the fabrication procedure of
aptasensors.

3.4. Reproducibility, stability, selectivity and regenerability of the Ag/
Ag2O/Ag2S/MoS2(600)-based aptasensor

Reproducibility of the Ag/Ag2O/Ag2S/MoS2(600)-based aptasensor
(Fig. 4c) was explored by repeating the measurements of five similarly
modified AEs to detect BPA. The result shows that the relative standard
derivation (RSD) is 4.4 %, suggesting the good reproducibility of ap-
tasensor. The long-term stability of BPA/Apt/Ag/Ag2O/Ag2S/
MoS2(600)/AE was also investigated by storing at 4 °C in refrigerator for
15 days (Fig. 4d), which was then measured at the same BPA con-
centration level. The result shows that the change of ΔRct is 4.7 %,

Fig. 4. (a) EIS Nyquist plots for detection of BPA at different concentrations (0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 1 pgmL−1) using the Ag/Ag2O/Ag2S/MoS2(600)-
based aptasensor. (b) Calibration curves between ΔRct and BPA concentrations (inset: the linear fit plot of ΔRct as a function of the logarithm of BPA concentration,
where the error bars are standard deviations for n=3). (c) Reproducibility, (d) Stability, (e) Selectivity, and (f) Regenerability of the proposed aptasensor for BPA
detection (n=3).

Y. Song, et al. Sensors & Actuators: B. Chemical 321 (2020) 128527

8



indicating the excellent stability of this aptasensor. High specificity is
another important feature of the Apt/Ag/Ag2O/Ag2S/MoS2(600)/AE
aptasensor. Herein, different types of interferences, including BPA
analogs (BA, BP, DB, DAB, PN, and NPN) and small biomolecules (DA,
AA, and UA), present in the biological fluid with 100-fold BPA con-
centration were used to test the specificity. The obtained ΔRct value
caused by the pure BPA is set as 100 %. The ΔRct values in the solutions
containing interferences have fluctuations in 2.3 %–4.8 %, confirming
the high selectivity of this aptasensor (Fig. 4e). When all the inter-
ferences are mixed with BPA, the obtained ΔRct value is only 106.28 %
compared to that of pure BPA. In contrast with most conventional ap-
tasensors for BPA, the present sensor can also be well regenerated.
Fig. 4f illustrates a slight fluctuation in ΔRct values of the proposed
aptasensor during seven regeneration runs for detection of BPA, sug-
gesting its good regenerability. This is because, in the presence of BPA,
due to the specific recognition of aptamer toward BPA, the aptamer
strands immobilized on the modified electrode surface partially folded
to form the aptamer-BPA complex [63]. This would result in the posi-
tive change of electrochemical responses. Sodium hydroxide has strong
causticity, after soaking the BPA-bonded electrode (BPA/Apt/Material/
AE) with sodium hydroxide, the aptamer strands deactivated tem-
porarily and changed their configuration into linear shape [65].
Therefore, the BPA released from the aptamer-BPA complex, leading to
the Apt/Material/AE retained. It further resulted in another negative
change of the electrochemical responses. After rinsing the electrode
thoroughly by PBS, the Apt/Material/AE was used to bond with BPA
once again and realized the sensitive detection. The treatment of
soaking in sodium hydroxide and then rinsing with PBS will obtain a
complete cycle of regeneration test.

3.5. Real sample analysis

Considering the excellent biosensing performance of the Ag/Ag2O/
Ag2S/MoS2(600)-based aptasensor, it was further applied to detect BPA
in real samples, such as river water, milk, and human serum, to assess
the applicability. The aforementioned real samples were pretreated
prior to use. Afterwards, these samples were spiked with BPA solutions
at different concentrations and examined using the developed apta-
sensor. The BPA concentrations in different samples were calculated
and listed in Tables S4–S6 according to the calibration curve (Fig. 4b
inset) and the deduced equation. In comparison to the theoretical va-
lues, the deduced BPA concentrations show recoveries of 96.8–108.7 %,
98.9–109.6 % and 96.3–109.6 % and RSDs of 0.2–1.1 %, 0.3–1.3 % and
0.3–0.9 % for river water, milk and human serum samples, respectively.
These results definitely indicate that the aptasensor shows good ap-
plicability and can be used to detect trace BPA in real samples.

4. Conclusions

In conclusion, a novel 2D bimetallic AgMo heteronanostructure
composed of multicomponent Ag, Ag2O, Ag2S, and MoS2 has been

synthesized, which can be well applied to immobilize BPA aptamer and
further fabricate aptasensor for trace BPA detection in water solution.
The prepared AgMo nanohybrid inherits the intrinsic features of Ag-
PMo12, such as skeleton structure, physiochemical stability, and elec-
trochemical activity. In comparison, the optimized Ag/Ag2O/Ag2S/
MoS2(600) nanohybrid shows high stability in water solution, fast elec-
tron transfer, and more sites for aptamer immobilization. As a result,
the Ag/Ag2O/Ag2S/MoS2(600)-based aptasensor shows superior sensing
performance with an extremely low LOD of 0.2 fg mL−1 and a wide
linear BPA concentration from 1 fg mL−1 to 1 pgmL−1. This proposed
sensing strategy exhibits clear advantages, namely, feasible preparation
of the electrode materials, label-free aptamer strands, and nonuse of
electrochemical indicators. We believe that this new strategy is of great
potentials for convenient detection of harmful residues in environment
and food.
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