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� One-pot ultrasonic process for pre-
paring Multifunctional Au nano-
particles-ferrocene-WS2 nano-
composite (AFW).

� AFW nanocomposite with enhanced
electrochemical property was
presented.

� Combining with the immune mag-
netic beads technology to develop
immunosensing platform.

� A new avenue for design of WS2
nanosheet based sensing platform.
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Structuring of noble metal nanoparticles on transition metal dichalcogenide nanosheets induces
significantly enhanced electronic, optical, and catalytic functions. However, the synthesis of multifunc-
tional hybrids is always time-consuming and involves multiple steps. Herein, a ternary Au nanoparticle-
ferrocene-WS2 nanosheet (AFW) composite has been prepared by a facile one-step sonochemical
approach. Stripped WS2 nanosheets were functionalized with ferrocene monocarboxylic acid (FMC) and
gold nanoparticles (AuNPs) by making use of the strong coordinative interaction of carboxyl groups with
tungsten atoms. The AuNPs decorating the WS2 nanosheet not only increase the water solubility of WS2
nanosheet and surface area of the modified electrode, but also act as electron transport bridges to aid the
tunneling of electrons from the small redox molecule, FMC, through the space to the electrode on which
they are mounted. Furthermore, the ternary AFW nanocomposite could effectively avoid the leaching of
FMC from the nanocomposite matrix and provided a suitable environment for the immobilized bio-
molecules. Combining the immune magnetic beads technology and the AFW nanocomposite with
aforementioned advantages, a high-performance electrochemical immunosensor was successfully
developed using carbohydrate antigen 72e4 (CA72-4) as a model analyte. A linear relationship in the
range of 2e50 U/L for the detection of CA72-4 was found with a low detection limit of 0.6 U/L. In
addition, the biosensor showed excellent performance in selectivity, stability, and reproducibility. Thus,
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this work not only proposes a facile avenue for preparing a 2DWS2 nanocomposite with multifunctional
properties but also opens up a new method to extend the application of WS2-based materials in bio-
logical sensing.
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1. Introduction

Ultrathin transition metal dichalcogenide (TMD) nanosheets
with unprecedented chemical, physical, electronic, and optical
properties have attracted widespread interest in the last few de-
cades [1e5]. TMDs, especially MoS2 and WS2 nanosheets epitaxial
growthed or absorbed with noble metal nanoparticles and other
inorganic materials have superior electronic and catalytic proper-
ties originating from exciton-plasmon coupling and unusual het-
erojunctions [6e8]. For example, WS2 nanosheets coupled with
tetragonal WO3 nanoparticles facilitated the transport of excited
electrons from the valence band to the conduction one, and pro-
moted the separation of photo-generated electron-hole pairs,
resulting in significantly enhanced photocatalytic activity [9]. In
another study, Moshfegh et al. obtained a heterojunction nano-
composite of WS2 nanosheets functionalized with CdS nano-
particles for enhanced photoelectrochemical water splitting [6].
Further, Huang et al. demonstrated the significantly improved
performance of WS2/Au hybrids in electrocatalytic hydrogen evo-
lution reaction [7]. Kim et al. synthesized photocatalysts by deco-
rating Pd nanoparticles on WS2 nanosheets, to achieve
extraordinary photocatalytic activity in Suzuki reactions [10].

Owing to the aforementioned excellent electrical and optical
catalytic properties, 2D TMD nanosheets are being explored for
potential application in the storage and generation of energy, such
as hydrogen evolutions [11], supercapacitors [12], and lithium-ion
batteries [13]. An upcoming trend in the field is the applications
of TMD nanosheets in sensing nanodevices to take advantage of
their marvellous surface-to-volume ratio, fluorescence, and rapid
heterogeneous electron transport [2,14]. Zhang et al. illustrated that
MoS2 nanosheets could act as an efficient quencher of fluorescent
dyes [14,15]. As a fluorophore-tagged single strand probe DNA in-
teracts strongly with MoS2 nanosheets, a DNA duplex formed by
the target DNA and signal DNA was isolated from the MoS2 nano-
sheets to recover the fluorescence of the dye. Jiang et al. fabricated a
high performance biosensor for MicroRNA detection using WS2
nanosheets as an efficient fluorescence quencher based on differ-
ential binding affinity toward short digested DNA fragment versus
origin ssDNA sequence [16]. Moreover, monolayer MoS2 was used
to fabricate FET biosensors to reliably and ultrasensitively detect
target DNA fragments [17]. Although many sensors and biosensors
have been constructed, at present, the development of the sensors
based on functional TMD nanosheet is limited by the multiple steps
involved in their processing and modification.

Some of the commonmethods for fabricating thin layers of TMD
nanosheets include mechanical cleavage, chemical vapor deposi-
tion, liquid-phase exfoliation, and lithium intercalation [18e21].
Among them, liquid-phase exfoliation is an easily operable low-
cost technique. However, the poor water-solubility of layered
TMD nanosheets produced in organic solvents strongly limits their
applications in biosensing. Further modification of such TMD
nanosheets by coating with polyethylene glycol (or polyacrylic
acid) or intercalating with Liþ ion is required to improve their
solubility in water. Moreover, vapor-phase deposition methods and
wet-chemical synthetic routes have beenwidely used to synthesize
composites of noble metals and TMDs nanosheets. These epitaxial
-pot ultrasonic synthesis of m
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growth methods suffer from the shortcomings of low sensitivity
and throughput to environmental conditions.

Similar to the method of the self-assembly of long-chain thiol
polyethylene glycol on the surface of WS2 [22], we herein proposed
a one-pot way for the synthesis of a ternary Au nanoparticle
(AuNP)-ferrocene-WS2 (AFW) hybrid by exploiting the coordinative
interaction between the carboxyl groups and tungsten atoms [23].
AuNPs and ferrocene monocarboxylic acid (FMC) could self-
assemble on layered WS2 nanosheets during their exfoliation
through liquid-phase sonication. AuNPs with high biocompatibility
have been widely applied in various biosensing nanodevices.
Combination of the great surface area ofWS2 nanosheets, abundant
AuNPs were assembled on them to further improve their electronic
property as well as water solubility, which led to significant
improvement electron transport from FMC to the electrode. As the
self-assembled small redox molecule, FMC, can produce a consid-
erable electrochemical signal, we employed the functionalized
AFW nanocomposite to construct an immunosensor analysis plat-
form. By combining our multi-functional probe with the immune
magnetic bead (IMB) technology, we achieved highly sensitive
biosensing of carbohydrate antigen 72e4 (CA72-4), thus extending
the application field of metal nanoparticle-functionalized WS2
nanosheets to biological sensing.

2. Experimental section

2.1. Materials and reagents

FMC, bulk WS2, and bovine serum albumin (BSA) were pur-
chased from Sigma (USA). Streptavidin-coated immune magnetic
beads (Avidin-IMB), carbohydrate antigen 72e4 (CA72-4), bio-
tinylated monoclonal anti-CA72-4 antibody (CC49, mouse), and
monoclonal anti-CA72-4 antibody (B72.3, mouse) were purchased
from Roche Diagnostics Ltd. (Switzerland). Phosphate buffer solu-
tions (PBS, 0.1 M) containing 0.1 M KCl was used as the electrolyte.

2.2. Characterization

Electrochemical experiments were all recorded on an electro-
chemical workstation (Autolab PGSTAT30) with the typical three-
electrode system: a modified glassy carbon electrode (GCE) as the
working electrode, a platinumwire as the counter electrode, and an
Ag/AgCl electrode as the reference electrode. Electrochemical
impedance spectra (EIS) were recorded at 210 mV in the frequency
range of 10�2 to 105 Hz. The amplitude of the applied sine wave
potential was 5 mV. Transmission electron microscopy (TEM) and
Energy dispersive X-ray (EDX) spectrometry were characterized by
JEOL 2010 (Japan). UVevis absorption spectra were performed on
UV-2450 spectrophotometer (Shimadzu).

2.3. Preparation of AuNP-FMC-WS2 nanocomposite

Au NPs were synthesized by the reported method [24]. For the
synthesis of the nanocomposite, 100 mg of WS2, 4 mL of Au NP
suspension, and 50 mg of FMC were mixed in 20 mL of Q-H2O and
ultrasonically treated for 6 h. The mixture was centrifuged at
ultifunctional Au nanoparticle-ferrocene-WS2 nanosheet composite
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10,000 rpm (10 min), and the supernatant was then centrifuged at
16,000 rpm (10 min). The precipitated final product of AFW
nanocomposite was collected and washed with H2O/C2H5OH (v/v,
1:1). It was then re-suspended in Q-water (1 mL). In addition, FMC-
WS2 complex was prepared without the AuNPs following a similar
procedure.
2.4. Preparation of AFW/CA72-4-Ab2

1 mL of 6 mg/mL CA72-4-Ab2 was added to the AFW (1 mL)
under reflux at 37 �C for 20 min. Subsequently, BSA solution (50 mL,
100 mg/mL) was mixed with the above solution to block the AFW
for 1 h with gentle stirring. The mixture was centrifuged
(16000 rpm) and rinsed with 1 mL of PBS containing 0.5% BSA (pH
7.4). The centrifuge/wash steps were repeated thrice to remove
excess CA72-4-Ab2. The final AFW/CA72-4-Ab2 was suspended in
PBS (1 mL, pH 7.4) and stored at 4 �C until further use.
2.5. Fabrication of the immunosensor

A GCE was polished with alumina slurries (1.0, 0.3, and 0.05 mm,
sequentially) and then ultrasonically washed in HNO3/H2O (v/v,
1:1), C2H5OH, and water, each for 3 min, respectively. After being
dried by N2, 10 mL of avidin-modified IMB suspension was dripped
onto the cleaned GCE surface and dried in a vacuum environment at
room temperature. Next, 10 mL of biotin-modified CA72-4-Ab1 was
immobilized on the above electrode and incubated at room tem-
perature. The recognition probe, CA72-4-Ab1 was modified on the
GCE surface through avidin-biotin interaction. After further incu-
bated in a BSA solution (10%) for 30 min at room temperature to
avoid nonspecific adsorption, the immunosensor was rising with
Scheme 1. (a) Schematic representation of the synthesis of the AFW nanocom
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PBS (pH 7.4) and stored at 4 �C before further used for CA72-4
detection.
2.6. Measurement procedure

10 mL of the CA72-4 standard solution (concentrations range
from 0 to 1000 U/L) was incubated with the immunosensor for
1 h at 37 �C. Then, 10 mL of the AFW/CA72-4-Ab2 nanocomposite
suspension was incubated with the above sensing interface for
another 1 h. After it was rewashed with PBS, differential pulse
voltammetry (DPV) was performed to record the peak current of
FMC deposited on the immunosensor (0.1 M PBS, pH 7.4). DPV was
performed from �0.6 to 0.3 V with pulse amplitude of 25 mV for
the quantitative analysis of CA72-4.
3. Results and discussion

3.1. Mechanism of the operation of the proposed biosensor

The ternary AuNP-FMC-WS2 nanocomposite was synthesized
through a single-step sonication procedure (Scheme 1a). The bulk
WS2 solid material was split into single- and multi-layer structures
through sonication in the presence of Au NPs and FMC in water.
AuNPs prepared through citrate reduction, and the redox molecule
FMC were self-assembled on WS2 nanosheets to form the AFW
hybrid through coordinative interaction between the carboxyl
group of FMC and the unsaturated W atom at the margin of WS2
nanosheets. The principle of the operation of the AFW nano-
composite used as a signal probe in the construction of the elec-
trochemical sandwich biosensor is depicted in Scheme 1b. Avidin-
IMBs were first immobilized on the GCE surface for immobilization
posite. (b) Schematic illustration of the electrochemical immunosensor.

ultifunctional Au nanoparticle-ferrocene-WS2 nanosheet composite
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of CA72-4-Ab1 through avidin-biotin covalent binding. The
immunoreaction between the antibody and antigen could occur in
the presence of the analyte, CA72-4. Then, CA72-4-Ab2-modified
AFW nanocomposite could further bind to the immunoelectrode
and act as a signal tag. The layered WS2 nanosheets with high
surface area and abundant quantity of FMC were explored as a
signal probe, to significantly improve the sensitivity of the
biosensor. In addition, an abundance of Au NPs loaded on WS2
nanosheets could further remarkably enhance the electronic con-
ductivity of FMC because metal NPs can help the redox molecule
FMC to tunnel electrons through the space onto the electrode
interface. The corresponding electrochemical DPV current gener-
ated by FMC was measured to quantify the concentration of CA72-
4.
3.2. Characterization of the AFW nanocomposite

WS2 nanosheets were prepared as reported previously [23].
AuNPs and FMCwere decorated onWS2 nanosheets through a one-
pot sonication procedure for the first time. The surface morphology
of the AFW nanocomposites was then characterized by TEM. As
shown in Fig. 1AeC, massive layered WS2 was stripped into one or
few-layered structure with a large surface area, upon which a large
number of AuNPs and FMC could be loaded through self-assembly.
The WS2 nanosheets were uniformly decorated with AuNPs.
Notably, the 2D FMC-WS2 nanosheet composite without AuNPs
could also be prepared by the proposed one-pot sonication
approach. Since the small FMC molecule could not be seen by TEM,
EDX spectroscopy was characterized to identify the chemical
composition of the AFW nanocomposite (Fig. 1D and E). Elemental
peaks observed forW, Fe, and Au clearly demonstrate the successful
self-assembly of FMC and AuNPs on WS2 nanosheets.

The formation of the AFW nanocomposite was further
confirmed by UVevis absorption spectroscopy. Fig. 2 shows the
UVevis absorption spectra of FMC, FMC-WS2 nanocomposite,
AuNPs, and AFW nanocomposite. The absorption peak
Fig. 1. TEM images of bulk WS2 (A), FMC-WS2 nanocomposite (B), and AFW nanocompo
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corresponding the FMC at 260 nm [25] and the Au plasmon band at
550 nm [26] in the UVevis spectrum of the AFW nanocomposite
together suggested the decoration of AuNPs and FMC on the surface
of WS2 nanosheets.

In this study, the AFW nanocomposite with a large signal probe
loading centers and enhanced water solubility or stability met all
the prerequisites for a biosensor system. The electrochemical
response of the AFW was investigated according to the redox ac-
tivity of FMC. Fig. 3 shows the CV curves of bulk WS2, FMC-WS2
nanocomposite, and AFW nanocomposite. No redox peaks were
observed for the bulk WS2-modified GCE, whereas a pair of well-
outlined CV peaks of the FMC-WS2 nanocomposite-modified elec-
trode were located at þ332 and þ 379 mV, respectively (blue line),
which is owe to the redox reaction of the FMC moiety in the
nanocomposite. Furthermore, previous studies have shown that
the AuNP acts as a mediator for the tunneling of electrons, closer to
the GCE surface. Similarly, AuNPs could accelerate the electron
convey of redox FMC molecule on electrode surface. On the other
hand, the surface area of themodified electrode could be effectively
increased after modification of AuNPs on WS2 sheets, so that
increasing the number of ferrocene molecules on AFW composite.
Thus, significantly enhanced CV response of the electrode with
using AFW has been achieved due to the increased surface area and
accelerated electron transfer rate.
3.3. Electrochemical characterization of the immunosensor

The CV and AC impedance characteristics of the sandwich
biosensor obtained by the step-by-step assembly processes were
investigated. Fig. 4A shows the CV curves for the bare GCE, IBM-
modified GCE, CA72-4-Ab1/IBM/GCE, CA72-4/CA72-4-Ab1/IBM/
GCE, and AFW-CA72-4-Ab2/CA72-4/CA72-4-Ab1/IBM/GCE. The
bare GCE (curve a) shows good reversibility with a peak-to-peak
separation DEp, while the electrode modified in a stepwise
fashion (curve b-e) exhibits a slightly irreversible response with
enlarged DEp. This can be attributed to the stepwise assembly of the
site (C). EDX spectra of FMC-WS2 nanocomposite (D) and AFW nanocomposite (E).

ultifunctional Au nanoparticle-ferrocene-WS2 nanosheet composite
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Fig. 2. UVevis absorption spectra of FMC (gray line), FMC-WS2 nanocomposite (blue
line), AuNPs (black line) and AFW nanocomposite (red line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 3. CVs of bulk WS2 (gray), FMC-WS2 nanocomposite (blue), and AFW nano-
composite (red). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 4. CVs (A) and EIS (B) of the different electrodes in 5 mmol/L [Fe(CN)6]3-/4-. (a)
Bare GCE, (b) IBM/GCE, (c) CA72-4-Ab1/IBM/GCE, (d) CA72-4/CA72-4-Ab1/IBM/GCE, (e)
AFW-CA72-4-Ab2/CA72-4/CA72-4-Ab1/IBM/GCE.
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biomolecules and biomaterials on the GCE, which reduced the rate
of electron transfer. Accordingly, as shown in Fig. 4B, the bare GCE
shows negligible impedance (curve a), indicating its good electrical
conductivity. After the avidin-modified IBMs were loaded onto the
GCE, they induced an increase in the electrochemical impedance
(curve b). When biotin-CA72-4-Ab1wasmodified onto the GCE, the
impedance increased again owing to the binding of biotin-CA72-4-
Ab1 to avidin-IBMs (curve c). Upon the addition of the target an-
tigen, CA72-4, the antibody-antigen immunoreaction resulted in a
further increase in the electrochemical impedance (curve d). After
the AFW-CA72-4-Ab2 was captured by the modified GCE, the for-
mation of immunological recognition complex led to a significant
improvement in the resistance of the working electrode interface
(curve e). These results successfully validate the achievement of an
immunoreaction-based biomolecule recognition interface.
3.4. Optimization of measurement variables

In order to carry out the best performance of the constructed
biosensor, the effects of incubation pH, incubation time, and
Please cite this article as: G. Hong et al., One-pot ultrasonic synthesis of m
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incubation temperature of AFW-CA72-4-Ab2 on the behavior of the
immunosensor were optimized. Results shown in Fig. 5 indicated
that a pH of 7.4, incubation time of 25 min, and immunoreaction at
30 �C could result in the best signal from the biosensing platform.
Thus, these conditions were selected as optimized parameters for
further CA72-4 detection.
3.5. Analytical performance towards CA72-4

Under the optimal experiment conditions, the sensitivity of the
immunosensor in antigen analysis was finally investigated. Fig. 6A
shows the DPV current response with the addition of a range of
CA72-4 solutions with varying concentrations. As shown, the peak
current of DPV improved gradually with increasing CA72-4 con-
centration. Fig. 6B shows a good linear relationship between the
DPV peak current and the logarithm value of the CA72-4 concen-
tration in the range of 2e50 U/L. The linear regression equation is
expressed as, DIpeak ¼ �1.08e0.02lgC (U/L). The sensing platform
showed a good sensitivity with a detection limit of 0.6 U/L (S/
N ¼ 3). The detection limit of the biosensor for CA72-4 is compa-
rable to or better than those of some of the previously reported
sensors [27e30]. The excellent detection sensitivity can be attrib-
uted to WS2 nanosheets containing large amounts of the redox
molecule FMC and AuNPs, which greatly accelerated the electron
transport between the FMC and electrode.
ultifunctional Au nanoparticle-ferrocene-WS2 nanosheet composite
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Fig. 5. The effects of AFW-Ab2 incubation pH (A), incubation time (B), and incubation
temperature (C) on the response of the immunosensor.

Fig. 6. DPV responses of the immunosensor toward varied concentrations of (A) CA72-
4 and the (B) calibration curve constructed using the CA72-4 analysis strategy. Curves
a-g corresponding to CA72-4 concentration in the range of 2e50 U/L.
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3.6. Selectivity, reproducibility, and stability studies

Selectivity is one of the important characteristics of an immu-
nosensor. Possible interfering antigens were used to evaluate the
selectivity of the immunosensor. The immunosensors were incu-
bated in 20 U/L of CA72-4, 20 U/mL of carcinoma antigen 199
(CA199), 200 ng/mL of carcinoembryonic antigen (CEA) and
prostate-specific antigen (PSA), respectively. The recorded DPV
peak currents of the redox couple of FMC are �1.43 mA for CA72-
4, �0.96 mA for CA199, �0.99 mA for CEA, and �0.98 mA for PSA,
indicating that these interfering antigens at relatively high
Please cite this article as: G. Hong et al., One-pot ultrasonic synthesis of m
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concentrations did not affect the CA72-4 detection capability. To
further confirm the selectivity of the immunosensor, the sensors
were incubated with CA72-4 respectively containing CA199, CEA
and PSA, no remarkable difference in the DPV peak current of the
system was observed as compared to that of the pure CA72-4 sys-
tem, demonstrating the good selectivity of the immunoassay.

To evaluate the reproducibility of the immunosensor response, 6
electrodes were prepared for the detection of 20 U/L of CA72-4. The
relative standard deviation (RSD) of the results of measurements on
the 6 electrodes is 3.9%, which indicates acceptable reproducibility.
The storage stability of the immunosensor was also investigated.
When not in use, the electrodes were stored in PBS at 4 �C. After
two weeks, the immunosensor retained ~90% of its initial response.
This good stability is possibly due to the excellent AFW composite
filmwhich prevented the leaching of both FMC and antibodies, and
retained the activity of antibodies effectively.

3.7. Application of the immunosensor towards the detection of
CA72-4

In order to evaluate the feasibility of using the immunosensor
for real sample analysis, the immunosensor was used for the
detection of CA72-4 in human serum samples by the standard
addition method. It shows an acceptable recovery in the range of
92.7e108% with an RSD of 1.3e4.7%, indicating that the present
immunosensor might provide a feasible alternative method for
detecting CA72-4 in human serum samples.
ultifunctional Au nanoparticle-ferrocene-WS2 nanosheet composite
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4. Conclusions

A facile one-pot sonication method has been proposed to syn-
thesize a 2D-WS2 based nanocomposite with multifunctional
properties. Herein, a redox mediator, FMC, and functional AuNPs
were decorated on WS2 nanosheets by simple self-assembly uti-
lizing the strong coordination interaction between the carboxyl
groups and tungsten atoms at the edge of WS2 nanosheets under
sonolysis treatment. The multifunctional AFW nanocomposite was
then applied to construct a highly sensitive immunobiosensing
platform. The AFW nanocomposite not only provided a beneficial
microenvironment to maintain the binding affinity of proteins, but
also enlarged the loading capacity of FMC and biomolecules and
enhanced the conductivity and charge-transport properties of the
composites. Furthermore, the AFW could eliminate the leaching of
FMC from the matrix and thus retained its electrochemical prop-
erty. With the above merits, the constructed electrochemical
immunobiosensor with simple, stable, and sensitive properties has
potential for application in medical diagnosis. Therefore, this work
develops a facile approach for the preparation of a WS2 nano-
composite withmultifunctional properties and their great potential
applications in other fields.
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