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A B S T R A C T

As a kind of two-dimensional layered nanomaterial, MoS2 nanosheets have been widely used in the field of
biosensors. In this work, a novel laccase based biosensor for catechol detection was fabricated based on a na-
nocomposite of MoS2 nanosheets and gold nanoparticles. The experimental results demonstrated that MoS2 had
large specific surface area and good biocompatibility, which provided abundant position for enzyme im-
mobilization. Gold nanoparticles enhanced conductivity of MoS2 and improved detection sensitivity. Because of
the synergistic effect of MoS2 nanosheets and gold nanoparticles, the laccase based bioelectrode exhibited a
linear response to catechol from 2 to 2000 μM with a detection limit of 2 μM (S/N=3), as well as good se-
lectivity, stability, repeatability, and reproducibility.

1. Introduction

Most phenols are toxic and difficult to degrade, which in the en-
vironment are mainly originated from pesticide, dyes and pharmaceu-
ticals [1,2]. As one of the phenol compounds, catechol possesses serious
harm to plants, animals, and human health [3,4]. Thus, it is significant
to develop a facile and low-cost method for catechol detection. Cur-
rently, enzyme based biosensors have received great attention because
of their advantages, such as fast response, high sensitivity, easy op-
eration, and continuous on-line detection [3,5]. Laccase (Lac) is phenol
oxidases in the family of multi-copper oxidases, which is widely dis-
tributed in plants, insects, and fungi [6]. Lac is usually used in waste
detoxification, textile dye conversion, food industry, biosensors, and
analytical applications [7–13]. The oxidative reaction between Lac and
phenolic substrates leads to the oxidization of phenolic hydroxyl and
the reduction of O2 to water, which could generate electrical signal
[12,14].

Selection of a suitable electrocatalyst is essential to enhancing the
sensing performance of electrochemical biosensors. To improve the
electron transfer efficiency between the redox-active site and electrode,
a variety of nanomaterials forenzyme immobilization were developed.
Metals, semiconductors, magnetic materials and carbon-based materials
have been widely used in enzyme immobilization [1,15–18]. Due to
easy aggregation and poor processability, the main challenge of this

materials is still difficult to assemble into the sensing platform [19,20].
Two-dimensional (2D) layered nanomaterials such as graphene and
transition metal dichalcogenides (TMDs) have been widely employed as
biosensor support materials due to their unique physical and chemical
properties [21–24]. As a kind of TDMs, MoS2 has many excellent
properties for enzyme immobilization such as high specific surface area,
good biocompatibility, structural stability, and large junction area with
electrode/reactants [25]. In recent years, MoS2 and its hybrids have
been widely employed in the field of sensors [26–29].

Unlike carbon materials which have excellent conductivity, MoS2
(2 H) is a semiconductor. Compared with the zero-bandgap of gra-
phene, the bandgap of MoS2 (2 H) could change from 1.2 to 1.9 eV
depending on the number of layers [30]. To solve the problem of poor
conductivity of MoS2, it would be an ideal strategy to use the con-
jugation of MoS2 nanostructures with highly conductive additives such
as carbon materials, noble metals, transition metals, and polymers
[31–34]. The strategy of combining two or more different materials to
produce composite materials can minimize the disadvantages and
maximize the advantages of a single component. For instance, Vasilescu
et al. [31] have immobilized Lac on MoS2 modified by graphene
quantum dots and obtained an admirable biosensor for the detection of
catechol. Owing to their high specific surface area, excellent con-
ductivity, high chemical stability, greater biocompatibility and catalytic
activity, gold nanoparticles (AuNPs) are able to significantly improve

https://doi.org/10.1016/j.colsurfb.2019.110683
Received 29 September 2019; Received in revised form 24 November 2019; Accepted 27 November 2019

⁎ Corresponding author at: Key Laboratory of Eco-Textiles, Ministry of Education, Jiangnan University, 1800 Lihu Avenue, Jiangsu Province, Wuxi 214122, PR
China.

E-mail address: qfwei@jiangnan.edu.cn (Q. Wei).

Colloids and Surfaces B: Biointerfaces 186 (2020) 110683

Available online 28 November 2019
0927-7765/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2019.110683
https://doi.org/10.1016/j.colsurfb.2019.110683
mailto:qfwei@jiangnan.edu.cn
https://doi.org/10.1016/j.colsurfb.2019.110683
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2019.110683&domain=pdf


the performance of sensors [35–38]. AuNPs could not only enhance the
conductivity of MoS2, but also increase the surface area of MoS2 na-
nosheets.

The enzyme immobilized on the surface without protection or
chemical bonding is easily detached and contaminated by the en-
vironment, which affects the stability and reusability of the biosensor
[39]. As a powerful electrochemical binder, Nafion has excellent proton
conductivity, film formation and biocompatibility. which is effective in
immobilizing a variety of enzymes [40–45]. In this work, MoS2 na-
nosheets and AuNPs were prepared by simple hydrothermal and che-
mical reduction methods respectively. Then, MoS2 nanosheets and
AuNPs were self-assembled stably by electrostatic attraction. Further
more, the Lac and AuNPs-MoS2 mixture were fixed on the glassy carbon
electrode (GCE) surface by Nafion. Following the modification of MoS2-
AuNPs, the Lac based biosensor (MoS2-AuNPs-Lac/GCE) was success-
fully prepared and demonstrated good detection performance for ca-
techol.

2. Experiments

2.1. Reagents

Thiourea, (NH4)6Mo7O24·2H2O, trisodium citrate dehydrate,
CH3COONa, CH3COOH, K3[Fe(CN)6], K4[Fe(CN)6]·3H2O, KCl, re-
sorcinol, salicylic acid, phenol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Lac (activity ≧50 units/
mg), catechol, and p-nitrophenol were obtained from Sigma Aldrich
Chemical Co., Ltd. (St. Louis, MO, USA). HAuCl4·H2O and Nafion (5 %
w/w) were supplied by Shanghai Vita Chemical Reagent Co., Ltd and E.
I. DuPont Company, respectively. 0.2M acetate buffer solution was
prepared by mixing solutions of CH3COOH and CH3COONa. All re-
agents in this work were of analytical grade without further purifica-
tion. All aqueous solutions were prepared with deionized water.

2.2. Instrumentation

The morphologies of AuNPs-MoS2 were observed through JEOL/
JEM-2100 (Japan) transmission electron microscope (TEM) with a
working voltage of 200 kV. The crystalline structure was analyzed by a
Powder D8 Advance X-ray diffraction (XRD, Bruker AXS D8) with Cu-
Ka radiation (0.15418 nm). Electrochemical experiments were carried
out on a CHI 660E electrochemical workstation (CH Instruments,
Shanghai, China). A saturated calomel electrode (SCE), a Pt wire, and a
glassy carbon electrode (GCE with diameter of 3mm and an area of

0.071 cm2) were used as the reference electrode, counter electrode and
working electrode, respectively.

2.3. Preparation of AuNPs-MoS2

MoS2 was hydrothermally obtained [46]. 1.0 mM
(NH4)6Mo7O24·2H2O and 30mM thiourea were formulated into a 30mL
aqueous solution. The solution was transferred to a Teflon-lined stain-
less-steel autoclave and heated at 200 ℃ for 20 h. The black product
was washed multiple times by deionized water and ethanol and dried in
a vacuum oven at 60 ℃ for the next step.

AuNPs was prepared by chemical reduction [47]. Prior to reaction,
all glassware were washed by aqua regia (HCl/HNO3= 3:1 Vol).
17.9 mg HAuCl4·H2O was dissolved in 50ml deionized water and he-
ated to boiling after which 5.4mL 38.8 mM sodium citrate aqueous
solution was added. The solution was stirred slowly until its color
turned into wine red (AuNPs sol). 50mg MoS2 was then mixed with
AuNPs sol and incubated at room temperature for 3 h. The resulting
suspension was rewashed several times with deionized water and
ethanol to remove unassembled AuNPs and other impurities. Finally,
the AuNPs-MoS2 was obtained after centrifugation and vacuum drying.

2.4. Fabrication of MoS2-AuNPs-Lac/GCE biosensor

Prior to use, GCE was carefully polished with alumina slurry to
produce a mirror-like surface. Then, GCE was sonicated in ethanol and
deionized water, respectively, and the electrode was dried under nat-
ural conditions. 12mg Lac and 16mg AuNPs-MoS2 were dispersed into
4mL acetate buffer solution (0.1M pH: 5) after which 60 μL Nafion was
dropped into the suspension and was sonicated in ice-bath for 30min to
get a metastable dispersion. 5 μL of the suspension was dropped onto
the GCE surface and dried at 4 °C overnight. The biosensor was fabri-
cated through the above steps and named as AuNPs-MoS2-Lac/GCE. For
comparison, Lac/GCE and MoS2-Lac/GCE biosensors were prepared
without AuNPs-MoS2 and AuNPs, respectively. MoS2/GCE and AuNPs-
MoS2/GCE were also prepared without Lac and Nafion for
Electrochemical impedance spectroscopy (EIS) experiments.

3. Results and discussion

3.1. Characterizations

The preparation process and structure of AuNPs-MoS2-Lac/GCE
biosensor are shown in Fig. 1. To determine the phase composition

Fig. 1. Schematic illustration of the fabrication of AuNPs-MoS2-Lac/GCE and catalyzed oxidation of catechol on the electrode surface.
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structure of the MoS2 and AuNPs-MoS2, XRD analysis was conducted.
As shown in Fig. 2a, three XRD peaks of pure MoS2 at 14°, 33.5°, 58.9°
are indexed to (002), (100), (110) planes of the pristine 2H-MoS2
(JCPDS Card NO. 37-1492).Compared with MoS2, Four new peaks of
AuNP-MoS2 emerge at 38.2°, 44.4°, 64.5°and 77.6° which are indexed to
(111), (200), (220) and (311) planes of the Au (JCPDS Card NO. 04-
0784), respectively.

The morphologies of MoS2 and AuNPs-MoS2 were characterized
using TEM and HR-TEM(High Resolution Transmission Electron
Microscope). As displayed in Figs. 2b and S1a (supplementary mate-
rial), MoS2 nanosheets showed wrinkled and folded sheet morphologies
and agglomerated into irregular spheres with a diameter of about
500 nm. Fig. 2c shows that the MoS2 nanosheets consisted of 15–25
single layers, and the layer-to-layer spacing was approximately 6.3 Å,
which was confirmed by XRD pattern (002). It was known that the
lamellar structure of MoS2 could offer a large number of immobilization
positions and reaction sites for Lac and AuNPs [12]. As revealed in
Figs. 2b and S1b, all AuNPs were distributed on the MoS2 surface
without massive aggregation, which indicated a good affinity between
MoS2 nanosheets and AuNPs. Inset imagine of Fig. 2b reveals that
AuNPs had diameters between 15 nm and 40 nm with an average of
26 nm. The AuNPs prepared had smaller diameters, which meant they

had a larger specific surface area and better electrocatalytic perfor-
mance. More detailed information was provided by HR-TEM image of
AuNPs (Fig. 2d), in which clear lattice fringes were observed with the
interplanar distance of 2.3 Å corresponding to the (111) crystal planes.

EIS experiments were conducted to characterize the charge transfer
properties of bare electrode and electrodes modified by MoS2 and
AuNPs-MoS2. The electrodes were tested in 5mM [Fe(CN)6]3−/4− so-
lution containing 0.1 M KCl. In Nyquist plots (Fig. 3a), it could be seen
that all curves consisted of a semicircle and a straight line, which in-
dicated both limited electron transfer and diffusion process occurred
simultaneously. According to the fitting results, the electron transfer
resistances (Rct) of GCE, MoS2/GCE, and AuNPs-MoS2/GCE were 445
Ω, 569 Ω, and 345 Ω, respectively. Compared with bare GCE, the Rct
value of MoS2 was increased, which was due to the semiconductor
property of MoS2 (2 H). After AuNPs were assembled on MoS2 surface,
Rct value was significantly decreased and lower than that of GCE. It was
reported that the work function caused by Fermi energy difference
between noble metals and semiconductor materials can effectively
promote electron transfer [48,49]. The AuNPS on the surface of MoS2
can act as additional e-resource for raising fermi energy even higher
[50]. The lower Rct value of AuNPs-MoS2 was contributed to excellent
conductivity and higher Fermi level of AuNPs, which promoted the

Fig. 2. (a) XRD patterns, (b) TEM and (c, d) HR-TEM imagines of AuNPs-MoS2. Inset in b shows the particle size distribution of AuNPs.
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electron transfer between MoS2 and redox species. The presence of
AuNPs significantly reduced the electrical impedance of MoS2 and
improved the electron transfer efficiency, which facilitates the sensi-
tivity and application potential of MoS2 based biosensors.

3.2. Electrochemical behaviors of the fabricated biosensors

Fig. 3b shows the CVs of different enzyme electrodes in acetate
buffer solution (0.2M, pH 5.0) with 350 μM of catechol. The catalyzed
reaction mechanism illustrated in Fig. 1 is described as follows [15].

Catechol+ Laccase(oxy) → 1, 2 Benzoquinone+ Laccase(deoxy) +
2H+ + 2e (1)

Laccase(deoxy) + O2 + 4H+ → Laccase(oxy) + 2H2O (2)

It was also revealed that each of the three curves had an oxidation
peak and a reduction peak, and they were all at the same potential.
Compared to electrodes modified directly by Lac (Lac/GCE), the value
of oxidation peak of the enzyme electrode immobilized on MoS2 na-
nosheets (MoS2-Lac/GCE) was decreased which could to an extent be
attributed to the MoS2 nanosheets impeding the transfer of electrons. It
is noticeable that biosensor based on AuNPs-MoS2 (AuNPs-MoS2-Lac/
GCE) displayed higher oxidation current peak than Lac/GCE and MoS2-
Lac/GCE. Due to the characteristics of large surface area, excellent
electrocatalysis, high conductivity and vigorous adsorption ability,
AuNPs promoted the electron transfer between redox species and MoS2
and enhanced the response signals of the modified electrode [51].

In order to study the kinetics of electrode reactions, the CVs of
AuNPs-MoS2-Lac/GCE were recorded in acetate buffer solution (0.2 M
pH 5.0) containing 350 μM catechol at different scan rates of

50−300mV s−1(Fig. S2). The oxidation and reduction peak currents
were enhanced as the scan rates increased and were proportional to the
square roots of scan rates. According to the fitting results shown in
Fig. 5b, the linear regression equation is expressed as Ipa=6.72v1/2 +
2.45 (R2= 0.994) and Ipc = −4.25v1/2 – 1.70(R2= 0.984). Ipa, Ipc,
and v represent the anodic peak currents (μA), cathodic peak currents
(μA), and scan rates (mV s−1), respectively. The result revealed that the
electrochemical reaction at AuNPs-MoS2-Lac/GCE was a typical diffu-
sion-controlled electron-transfer process. Besides, as the scan rate in-
creased, the anodic peak moved to a more positive potential and the
cathodic peak moved to a more negative potential, which indicated a
quasi-reversible electrochemical reaction process.

3.3. Optimization of AuNPs-MoS2-Lac/GCE biosensor

To ensure the optimal performance of AuNPs-MoS2-Lac/GCE in
determination to catechol. The pH influence was investigated through
the voltammetric behavior of AuNPs-MoS2-Lac/GCE toward 350 μM
catechol in the pH range between 3.5 and 7.0. As shown in Fig. 4 a and
b, the oxidation currents of AuNPs-MoS2-Lac/GCE increased with the
increase of pH range from 3.5 to 4.0 and reached the maximum at pH
4.0. Further increasing the pH values resulted in the decrease in the
oxidation currents. Therefore, pH 4.0 was chosen as the optimal pH
value for subsequent measurements in 0.2 M acetate buffer solution

3.4. DPV responses of AuNP-MoS2-Lac-GCE towards catechol

The DPV (differential pulse voltammetry) curves to determine ca-
techol at different concentrations from 2 μM to 2000 μM by the AuNPs-
MoS2-Lac/GCE biosensors were obtained in acetate buffer (0.2M pH

Fig. 3. (a) EIS behaviors of bare GCE, MoS2/GCE and AuNPs-MoS2/GCE in 5mM [Fe(CN)6]3−/4− solution containing 0.1M KCl. (b) CVs of Lac/GCE, MoS2-Lac/GCE
and AuNPs-MoS2-Lac/GCE in 0.2M acetate buffer solution (pH 5.0) containing 350 μM catechol.

Fig. 4. (a) CVs of AuNPs-MoS2-Lac/GCE in 0.2M acetate buffer solution containing 350 μM catechol in the pH of 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5 and 7.0. (b) The plot
of the oxidation peak current against the pH.
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4.0). As shown in Figs. 5a and S3, DPV curve had no obvious peak when
there was no catechol present. It is noticeable that the electrocatalytic
current increased proportionally with increasing concentration of ca-
techol in the wide range from 2 μM to 2000 μM. Fig. 5b shows the linear
calibration curve of DPV peaks against the concentration of catechol.
The linear regression equation was I=6.708+16.2634C, with a cor-
relation coefficient of 0.9946, a sensitivity of 16.3 μA/mM and a de-
tection limit of 2 μM (S/N=3). I and C represent the peak currents of
DPVs (μA) and concentration of catechol (mM), respectively.

Table. 1 compares the determination performance of several Lac-
based electrodes toward catechol. It was observed that AuNP-MoS2-
Lac/GCE biosensor in this work showed a relatively low detection limit
and a wide linear range. The broad linear range was hypothesized be
due to the fact that MoS2 nanosheets provided a large number of im-
mobilization sites for Lac, hence promoting the reaction between the
enzyme and the substrate. It was also suggested that the low detection
limit was a result of the excellent conductivity and electrocatalytic
properties of AuNPs. The biosensors exhibited promising performance
due to the synergistic catalytic effect of MoS2 nanosheets and AuNPs,
which indicated that the hybrid structure of AuNPs-MoS2 is beneficial
to enhance the detection performance of biosensors.

3.5. Selectivity, stability and reproducibility of the biosensor

The selectivity and anti-interference ability of the biosensor was
investigated by the amperometric response of AuNPs-MoS2-Lac/GCE
towards catechol and other similar chemicals structures. At potential of
0.45 V, Catechol (100 μM), resorcinol (100 μM), salicylic acid (100 μM),
phenol (100 μM) and p-nitrophenol (100 μM) were sequentially added
to the acetate buffer solution (0.2 M pH 4.0) under stirring. As shown in
Fig. 6, AuNPs-MoS2-Lac/GCE biosensor displayed rapid and sensitive
responses to the addition of catechol. There were no significant am-
perometric responses observed with the addition of the interfering re-
agents. Upon the addition of catechol again, the biosensor still provided
a strong and fast current response. The results therefore indicated that
the prepared biosensor had good selectivity and anti-interference.

To investigate the repeatability and reproducibility of the bio-
sensors, repeated experiments were carried out. A AuNPs-MoS2-Lac/

GCE biosensor was tested successively for 10 times in solution con-
taining 1mM catechol. As shown in Fig. S4, The DPV peak of the tenth
test was only 3 % lower than the initial value and the relative standard
deviation (RSD) of the peak values of DPVs was 1.2 %, which indicated
good reusability of the biosensor. Five biosensors were prepared and
tested under the same condition. The RSD of the peak values of DPVs
current was 0.7 %, indicating that the biosensor possessed excellent
reproducibility. The test of stability of the biosensor was also carried
out in air at 4 °C. As shown in Fig. S5, the peak value of DPV current
was deceased by only 5 % after half a month later. Even after a month,
the biosensor still retained 90 % of the initial value, which attributed to
the biocompatibility of AuNPs-MoS2 and Nafion. This results suggested
that this novel sensor had application value for detecting catechol.

4. Conclusion

In conclusion, a Lac biosensor based on AuNPs-MoS2 had been
prepared and characterized. The results shown that the nanocomposite
of AuNPs-MoS2 enhanced the performance of Lac based biosensors. The
as-prepared biosensor exhibited a wide linear range, low detection
limit, good selectivity, stability, and reproducibility which was attrib-
uted to the large surface area, excellent biocompatibility, fast mass
transport, and synergistic catalytic of AuNPs-MoS2. The excellent per-
formance of AuNPs-MoS2-Lac/GCE demonstrates that it would be a
promising biosensor for of catechol detection.

Fig. 5. (a) DPVs of catechol at AuNPs-MoS2-Lac/GCE biosensor in 0.2M acetate buffer solution (pH 4.0). Catechol concentration: 20, 40, 60, 100, 300, 500,
700,900,1100,1300,1500,1700 and 1900 μM (from a to m). (b) The calibration curve of DPV peaks against concentration of catechol.

Table 1
Performance comparison of different Lac based electrodes toward catechol.

electrode description detection limit (μM) linear range (μM) reference

Lac/AP-rGOs/Chit/GCE 7 15–700 [52]
FYSSns–2–Lac/GCE 1.6 12.5–450 [3]
Lac-a-Fe2O3NC-CPE 4.28 8-800 [53]
Lac–Nafion–ECNFs/GCE 0.63 1–1300 [54]
AuNP-MoS2-Lac/GCE 2 2–2000 This work

Fig. 6. Amperometric responses of AuNPs-MoS2-Lac/GCE after the addition of
100 μM catechol and different interfering substances in 0.2M acetate buffer
solution (pH 4.0) at 0.45 V.
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