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ABSTRACT: A novel phenolic biosensor was prepared on the basis of a composite
of polydopamine (PDA)-laccase (Lac)-nickel nanoparticle loaded carbon nanofibers
(NiCNFs). First, NiCNFs were fabricated by a combination of electrospinning and a
high temperature carbonization technique. Subsequently, the magnetic composite
was obtained through one-pot Lac-catalyzed oxidation of dopamine (DA) in an
aqueous suspension containing Lac, NiCNFs, and DA. Finally, a magnetic glass
carbon electrode (MGCE) was employed to separate and immobilize the composite;
the modified electrode was then denoted as PDA-Lac-NiCNFs/MGCE. Fourier
transform infrared (FT-IR) spectra and cyclic voltammetry (CV) analyses revealed
the NiCNFs had good biocompatibility for Lac immobilization and greatly facilitated
the direct electron transfer between Lac and electrode surface. The immobilized Lac
showed a pair of stable and well-defined redox peaks, and the electrochemical
behavior of Lac was a surface-controlled process in pH 5.5 acetate buffer solution.
The PDA-Lac-NiCNFs/MGCE for biosensing of catechol exhibited a sensitivity of 25 μA mM−1 cm−2, a detection limit of 0.69
μM (S/N = 3), and a linear range from 1 μM to 9.1 mM, as well as good selectivity and stability. Meanwhile, this novel biosensor
demonstrated its promising application in detecting catechol in real water samples.

KEYWORDS: carbon nanofibers, nickel nanoparticle, electrospinning, laccase, dopamine, phenolic biosensor

■ INTRODUCTION

Phenol and phenolic compounds, as widespread contaminants,
come from both nature and industries.1 Most phenols are
poisonous with different toxicities, and even some chlorophe-
nols and nitrophenols can lead to cancer and loss of immunity
in the body.2 As a consequence, there is an urgent need to
exploit simple and high-efficient detection method of phenols.
Until now, some available tools for measuring phenols have
been employed, such as liquid chromatography, gas chromatog-
raphy, enzyme immunoassays, electro analytical techniques,
etc.3−5 Although these methods can give precise results at low
concentration, their use in online or field monitoring is
restricted due to the large size, fixed space location of the
analytical apparatuses, and complicated purification process of
samples. Compared with those classical testing instruments, the
biosensor is simple, fast, facile, and amenable to miniaturization
in analytical equipment which meets the requirements for
application to multicomponent solutions in situ.1

Laccase (Lac) is a multicopper oxidase, which can catalyze
the oxidation of phenolic substrates with the accompanying
reduction of molecular oxygen to water.6 On the basis of this, a
variety of biosensors using Lac have been developed for the
detection of phenolic compounds.2,7−10 Recently, a tremendous
amount of research work has focused on developing reagentless
enzyme electrodes, which can realize direct electron transfer
(DET) by combining enzymes with conductive materials.8,11−14

Carbon materials, such as carbon nanotube,9 carbon black,15

mesoporous carbon,16 graphene,2 and carbon nanofiber
(CNF),17 have been widely employed as the immobilization
materials of enzymes in biosensors, which can be attributed to
their large specific surface area, excellent conductivity, and
satisfactory biocompatibility. Among these materials, CNF
possesses much larger functionalized surface area compared to
that of CNT and is more suitable for immobilization and
stability of enzyme. It has been proven that CNF is an
outstanding matrix for the development of biosensors, which is
far superior to the carbon nanotube.17

Notably, the CNF possesses a history of more than a
century; the carbon filaments discovered in 1889 may be the
earliest CNF.18 After more than a century of development,
various methods used for CNF preparation have been
developed, such as arc-discharge,19 laser ablation,20 chemical
vapor deposition (CVD) methods,21 and others. Electro-
spinning, known as a facile and convenient process technique,
produces nanofibers or microfibers with different diameters
using a variety of polymers. Carbonization of electrospun
polyacrylonitrile nanofibers can be employed to fabricate
CNF.22 In addition, to our best knowledge, CNF from CVD
usually contains some impurities, e.g., metal catalyst and
graphite particle, which requires a further complicated
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purification process, while the electrospun CNF (ECNF)
exhibits a simple fabrication process and higher purity.
Nowadays, some nonenzymatic electrochemical sensors based
on ECNF or catalytic metal nanoparticle/ECNF composite
have been reported.23−26 ECNF showed a great potential for
biosensing applications.
Magnetic nanoparticles have been widely applied in

biocatalysis,27 separation/purification of proteins,28 drug
delivery, medical imaging,29 and biosensors.7 The introduction
of magnetic nanoparticles in the biosensor not only improves
sensitivity but also offers a controllable immobilization method
of biomolecules. Interestingly, an external magnetic field can
control electrocatalytic and bioelectrocatalytic processes of
functionalized magnetic particles associated with electrodes.30

Some facile biosensors based on magnetic electrodes have been
reported.7,31,32 Dopamine (DA) is a pivotal neurotransmitter of
redox activity, existing in the brains and bodies of animals,
which has attracted wide attention from biosensor scien-
tists,33−35 and the self-polymerization of DA, which generates
polydopamine (PDA) with good biocompatibility, has been
applied in biosensing and multifunctional coating.7,36

In this paper, we developed a novel Lac-based biosensor
utilizing electrospun nickel nanoparticle loaded carbon nano-
fibers (NiCNFs) for the first time. The PDA-Lac-NiCNFs
composite was synthesized through one-pot Lac-catalyzed
oxidation of dopamine (DA) in an aqueous suspension
containing Lac, NiCNFs, and DA. After that, a PDA-Lac-
NiCNFs/magnetic glass carbon electrode (MGCE) was
prepared by simple and efficient magnetic separation/
immobilization of the PDA-Lac-NiCNFs composite. Finally,
the PDA-Lac-NiCNFs/MGCE was employed to detect a
hazardous phenolic compound, catechol, in a water environ-
ment, which exhibited better performance than those Lac-based

biosensors reported earlier. This study demonstrates that the
electrospun nickel nanoparticle loaded carbon nanofiber is a
competitive material in the field of biosensing and offers strong
theoretical and technical support for designing a high-efficient
phenolic biosensor serving as an environmental monitor.

■ EXPERIMENTAL PROCEDURES
Reagents and Materials. PAN (average molecular weight =

79,100) powder and laccase (from Trametes, activity ≥10 U/mg) were
obtained from Sigma-Aldrich and used without further purification.
N,N-Dimethylformamide (DMF) with a purity of 99.5% was used as
received. Nickel acetate tetrahydrate (C4H6NiO4·4H2O) was pur-
chased from the Sinopharm Group Chemical Reagent Co., Ltd.
(Shanghai, China). Dopamine and catechol were purchased from
Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). There are no
special instructions; acetate buffer solution (0.2 M HAc-NaAc, pH =
5.5) was used as a supporting electrolyte. All aqueous solutions were
prepared with deionized water (DIW).

Apparatus. Fourier transform infrared (FT-IR) spectra were
recorded in the range of 500−4000 cm−1 on a Nicolet iS10 FT-IR
spectrometer (Thermo Fisher Scientific). KBr pellet was used to
prepare the samples for FT-IR measurements. The morphologies of
NiCNFs and PDA-Lac-NiCNFs composite were observed with a
Hitachi SU1510 SEM and a high-resolution transmission electron
microscope (TEM, JEOL/JEM-2100, Japan). Prior to scanning under
the SEM, the NiCNFs and PDA-Lac-NiCNFs composite were sputter
coated for 90 s with gold to avoid charge accumulations. Energy
dispersive X-ray spectroscopy (EDX) and powder D8 Advance X-ray
diffraction (XRD, Bruker AXS D8) were employed to analyze the
chemical components of the NiCNFs. Electrochemical experiments
were carried out at room temperature using a CHI 660D
electrochemical workstation (CH Instruments, Inc., Austin, USA). A
three-electrode cell with a magnetic glass carbon electrode (MGCE)
(3.0 mm in diameter, purchased from Gaoss Union Technology Co.,
Ltd., Wuhan, China), a platinum wire auxiliary electrode, and an Ag/
AgCl reference electrode were used for electrochemical measurements.

Figure 1. Schematic preparation of PDA-Lac-NiCNFs composite and biosensors.
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The electrolyte solution was bubbled with highly pure nitrogen for 15
min before the electrochemical experiments, and a nitrogen
atmosphere was kept for the solution throughout the experiments
except the amperometric experiments for the laccase biosensor.
Synthesis of NiCNFs. The NiCNFs were prepared by the

following steps. First, the electrospinning solution was prepared by
dissolving 12 wt % PAN powders and 5 wt % C4H6NiO4·4H2O with
magnetic stirring for 8 h. Second, the prepared solution was added into
a syringe for electrospinning. The experimental parameters were set
with a voltage of 15 kV, a working distance of 15 cm, and a flow rate of
1 mL/h, respectively. Finally, a high temperature furnace was
employed to stabilize and carbonize the PAN nanofibers. The whole
process was conducted in N2 atmosphere and could be divided into
two phases: (1) heating up to 280 °C with a rate of 2 °C min−1 and
keeping this temperature for 1 h (this process was for stabilizing the
shape of the nanofibers); (2) heating up to 900 °C with a rate of 5 °C
min−1 to carbonize the nanofibers, maintaining at the highest
temperature for 2 h, and then cooling down to room temperature.
Preparation of PDA-Lac-NiCNFs Composite and Biosensors.

The NiCNFs were ground to short fibers using a mortar before use.
The PDA-Lac-NiCNFs composite was prepared as shown in Figure 1.
The mixture of 1.0 mg mL−1 Lac and 1.5 mg mL−1 NiCNFs (final
concentration for each) was added into 1.0 mL of 0.2 M acetate buffer
solution (pH 5.5) containing 15 mM DA under stirring. It took almost
3 h for the complete polymerization of DA. The reaction product
(PDA) could wrap the Lac on the surface of the NiCNFs, from which
the PDA-Lac-NiCNFs composite was obtained.
Prior to modification, the MGCE was successively polished to a

mirror-like surface with 1.0, 0.3, and 0.05 μm alumina slurry and then
rinsed thoroughly by DIW. Afterward, the electrode was washed with
anhydrous ethanol for 3 min in an ultrasonic bath to remove the
loosely adsorbed alumina slurry. Finally, the treated electrode was
dried with a stream of nitrogen. As shown in Figure 1, 10 μL of PDA-
Lac-NiCNFs aqueous suspension was cast onto the bare MGCE. The
PDA-Lac-NiCNFs composite was attracted toward the surface of
electrode immediately, and the modified electrode was washed by
DIW for three times, dried at room temperature, and stored at 4 °C in
a refrigerator before use. For comparison, PDA-Lac/MGCE and
NiCNFs/MGCE were fabricated in a similar way, ensuring the equal
amounts of DA, Lac, and NiCNFs.

■ RESULTS AND DISCUSSION

Characterizations. Figure 2 shows the FT-IR spectra of
pure DA (a), pristine Lac (b), PDA-Lac composite (c), and

PDA-Lac-NiCNFs composite (d). As shown in Figure 2a, the
absorption peaks at 1500 and 1288 cm−1 are assigned to
benzene ring C−C vibration of DA and the C−O stretching of
phenolic OH, respectively.37 It can be seen from Figure 2b that
a broad peak centered at 3350 cm−1 can be attributed to NH
and OH stretching vibrations in the protein,38 and the peaks at
1670 and 1580 cm−1 are related to the characteristic absorption
peaks of amide I (1700−1600 cm−1) and amide II (1600−1500
cm−1) in native laccase.39 Figure 2c,d displays similar
absorption peaks; however, the peaks related to DA and Lac
showed a decrease in intensity. The peak at 1670 cm−1

disappeared completely, which may be caused by the
interaction between Lac and DA. The FT-IR analyses proved
that PDA-Lac composite was successfully prepared and the
addition of NiCNFs did not affect the chemical groups of the
composite, which also demonstrated the satisfactory bio-
compatibility of NiCNFs. The Lac-catalyzed synthesis of
PDA-Lac-NiCNFs composite was verified in Figure S1,
Supporting Information. As shown in Figure S1a, Supporting
Information, after three hours of polymerization reaction, the
composite with good hydrophilicity dispersed evenly in the
solution. However, after applying a magnetic field by a magnet
(see Figure S1b, Supporting Information), the PDA-Lac-
NiCNFs composite aggregated promptly and the color of the
solution became much more transparent, indicating that most
of the PDA-Lac-NiCNFs composite possessed magnetic action.
Figure 3a shows the surface morphology of PDA-Lac-

NiCNFs/MGCE. It can be clearly seen that the short NiCNFs

dispersed well in the PDA-Lac-NiCNFs composite. Most of
them were embedded into the composite, which would play a
role of “molecular wires” connecting the active center of Lac
and the surface of MGCE. Actually, the composite formed a
membrane on the surface of electrode. Besides, there were
some “pores” or “ravines” existing in the membrane, which
were beneficial to the diffusion of substrate. The morphology of
NiCNFs is shown in Figure 3b. The randomly distributed
NiCNFs formed a fibrous web, and many NiCNFs were broken
up into short fibers because the thermal treatment process
enabled the fibers to become fragile. It is noticeable that some
particles can be observed on the surface of NiCNFs. The TEM
image of NiCNFs (see Figure S2a, Supporting Information)
illustrates that the nanoparticles were embedded in the carbon
nanofibers matrix. The EDX result (see Figure S2b, Supporting
Information) indicates that the main elements of NiCNFs are
C and Ni. The Kα line of O is attributed to the oxygen in air,
and the Kα and Kb lines of Cu are caused by the used copper
mesh in the process of sample preparation. XRD character-
ization was applied to further investigate the composition of
NiCNFs, and the result is illustrated in Figure S3, Supporting
Information. It shows four characteristic diffraction peaks at

Figure 2. FT-IR spectra of pure DA (a), pristine Lac (b), PDA-Lac
composite (c), and PDA-Lac-NiCNFs composite (d).

Figure 3. SEM images of the surface of PDA-Lac-NiCNFs/MGCE (a)
and NiCNFs (b).
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25.6°, 44.5°, 51.8°, and 76.4°, which corresponded to the (002)
plane of carbon and (111), (200), and (220) crystalline planes
of fcc Ni, respectively. The XRD result provides evidence
confirming the existence of Ni nanoparticles in the composite.
Cyclic voltammetry (CV) was used to characterize the

modified electrodes in 0.1 M KCl and 1 mM Fe(CN)6
3−/4−

solution. Figure 4 compares the CVs response at bare MGCE,

NiCNFs/MGCE, PDA-Lac/MGCE, and PDA-Lac-NiCNFs/
MGCE in the above solution. Compared with bare MGCE, all
the redox peaks of NiCNFs/MGCE increased, indicating the
NiCNFs improved the surface area of electrode substantially.
Notably, the anodic and cathodic peak currents on the PDA-
Lac/MGCE and PDA-Lac-NiCNFs/MGCE all showed a
significant decrease. It may be attributed that the PDA and
Lac were nonconductive and hindered the electron transfer.
However, the response current on PDA-Lac-NiCNFs/MGCE
was higher than that on PDA-Lac/MGCE, which indicated that
the NiCNFs improved the conductivity of the composite
membrane.
DET of Lac on the PDA-Lac-NiCNFs/MGCE. Figure 5

depicts typical cyclic voltammograms of different electrodes in
pH 5.5 acetate buffer solution at a scan rate of 100 mV s−1. No
redox peaks were observed for the bare MGCE (a) and
NiCNFs/MGCE (b), which demonstrated the electrochemical
inertness of NiCNFs within the potential window. The
voltammogram of PDA-Lac/MGCE (c) shows poorly defined
peaks while that of PDA-Lac-NiCNFs/MGCE (d) shows a pair
of well-defined and stable redox peaks, which can be attributed
to the DET between the electroactive center of the
immobilized Lac and the electrode surface. Herein, the NiCNFs
play an important role as “molecular wires” which can build an
efficient electron-conducting tunnel. Meanwhile, it can be easily
seen that the anodic (Epa) and cathodic (Epc) peak potentials
are located at 0.222 and 0.091 V (vs Ag/AgCl), respectively.
The formal potential (E0′) is ca. 0.16 V, and the peak-to-peak
separation (ΔEp) is 131 mV at the scan rate of 100 mV s−1,
indicating a fast electron transfer.
As shown in Figure S4a, Supporting Information, with the

increase of the scan rate, the Epa shifted to a more positive
value and the Epc shifted to a more negative value. Notably, the
anodic and cathodic peak currents increased linearly with the

scan rate from 50 to 400 mV s−1 (Figure S4b, Supporting
Information), which proved that the electrochemical process is
a surface-controlled electrode process. The above experiments
demonstrated that the composite can provide a biocompatible
environment for the immobilization of Lac, and the NiCNFs
facilitated the DET of Lac to a large extent. The charge-transfer
coefficient and the apparent electron-transfer rate constant (ks)
of the Lac at the PDA-Lac-NiCNFs/MGCE are estimated to be
0.5 and 1.79 s−1 at a scan rate of 100 mV s−1 based on the
Laviron equation.40 This value is much larger than that of 0.5
s−1 reported for the DET between laccase and the surface of an
AuNP-modified GCE,10 that of 1.17 s−1 reported for the laccase
immobilized on a AP-rGO/Chit/GCE,41 and the value of 1.28
s−1 observed for the laccase immobilized on Au nanoparticles
encapsulated-dendrimer bonded conducting polymer.42 This
might be attributed to the excellent biocompatibility of PDA-
NiCNFs composite and the high electron conductivity of
NiCNFs. The surface coverage of electroactive species (Γ, in
mol cm−2) on electrode could be calculated by applying the
formula Q = nFAΓ, where Q is the charge consumed (C), A is
the electrode area (cm2), F is the Faraday constant, and n is the
number of electrons transferred. The calculated surface
coverage for the electroactive laccase is 8.31 × 10−10 mol
cm−2, which is higher than the theoretically calculated value
reported in a previous study (1.3 × 10−11 mol cm−2).39 This
result indicates that more Lac was immobilized in the PDA-
NiCNFs composite due to the large specific surface area of
NiCNFs.
The effect of pH on the CVs of the PDA-Lac-NiCNFs/

MGCE in 0.2 M acetate buffer solution was also investigated.
As can be seen in Figure S5a, Supporting Information, the
redox peaks moved left gradually as pH value changed from 3.0
to 7.0. The values of the Epa, Epc, and E0′ shifted negatively
and linearly with an increased solution pH (see Figure S5b,
Supporting Information), indicating that proton transfer
occurred in the electrochemical process. The Plots of Epa,
Epc, and E0′ vs pH have a linear relationship with the slopes of
−46.8 mV pH−1 (r2 = 0.9936), −52.7 mV pH−1 (r2 = 0.9913),
and −49.7 mV pH−1 (r2 = 0.9986), respectively. These values
are close to the expected value of −59.2 mV pH−1 (25 °C),
which indicates that one proton (H+) and one electron (e−)

Figure 4. Cyclic voltammograms of bare MGCE (a), NiCNFs/MGCE
(b), PDA-Lac/MGCE (c), and PDA-Lac-NiCNFs/MGCE (d) in 0.1
M KCl and 1 mM Fe(CN)6

3−/4− solution at a scan rate of 100 mV s−1.

Figure 5. Cyclic voltammograms of bare MGCE (a), NiCNFs/MGCE
(b), PDA-Lac/MGCE (c), and PDA-Lac-NiCNFs/MGCE (d) in 0.2
M acetate buffer solution (pH 5.5) at a scan rate of 100 mV s−1.
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participated in the direct electrochemical reaction of Lac
immobilized on the PDA-Lac-NiCNFs/MGCE.10

Electrocatalysis of the Electrodes. Figure 6 shows the
CVs of different electrodes in 0.2 M acetate buffer solution (pH

5.5) containing 20 μM catechol. A pair of redox peaks can be
observed on the bare MGCE, which can be attributed to the
redox reaction of catechol. Compared with the bare MGCE, the
NiCNFs/MGCE exhibited higher redox peak currents and
smaller peak-to-peak separation due to the enhanced electrode
surface area and excellent conductivity of NiCNFs, while the
PDA-Lac/MGCE and PDA-Lac-NiCNFs/MGCE displayed
much higher redox peaks currents, which were attributed to
high-efficient catalysis of Lac toward catechol. The reaction
mechanism is illustrated in Figure 7. First, the catechol on
contact with the Lac was oxidized to 1,2-benzoquinone in the
presence of molecular oxygen. Subsequently, the 1,2-
benzoquinone was reduced electrochemically on the surface
of the MGCE. The obtained current in the process of
electrochemical reduction of the 1,2-benzoquinone to catechol
was proportional to the concentration of catechol. Besides, the
current values on PDA-Lac-NiCNFs/MGCE were larger than
those on PDA-Lac/MGCE, indicating the addition of NiCNFs
improved the electrocatalysis of the composite toward catechol,

which could be attributed to the DET caused by NiCNFs and
the concerted electrocatalysis of nickel nanoparticles.

Condition Optimization of the PDA-Lac-NiCNFs/
MGCE. To acquire the optimal amperometric response, we
investigated the effects of the solution pH and applied potential
on the current values respectively. As shown in Figure 8a, the
current value reaches the peak at pH 5.5 and then shows a
dramatic decrease. Figure 8b presents the influence of different
applied potentials on the amperometric responses. It can be
clearly seen that the maximum current value comes at 0.4 V; so,
0.2 M acetate buffer solution with pH 5.5 was used, and the
applied potential was set at 0.4 V in the following experiments.

Amperometric Biosensing of Catechol. The steady-state
amperometric responses of the PDA-Lac-NiCNFs/MGCE and
PDA-Lac/MGCE to different concentrations of catechol were
determined by the successive addition of different volumes of 2
and 200 mM catechol into 20 mL of pH 5.5 acetate buffer
solution with stirring under the optimum conditions. It can be
seen from Figure 9a that, with the successive addition of
catechol, the steady-state current values gradually increased.
The inset in Figure 9a displays the magnified image before 500
s. The first current step for the PDA-Lac-NiCNFs/MGCE
happened when adding 20 nM catechol into the acetate buffer
solution. Obviously, compared with the PDA-Lac/MGCE, the
PDA-Lac-NiCNFs/MGCE showed higher response sensitivity
toward catechol. The calibration curves are shown in Figure 9b;
the PDA-Lac-NiCNFs/MGCE and the PDA-Lac/MGCE
showed a linear range (LR) of 1 μM to 9.1 mM with linearity
regression equation (LRE) of Δi(μA) = 0.692 + 0.018c (μM)
(r2 = 0.991), a sensitivity of 18 μA mM−1 cm−2, and a limit of
detection (LOD) of 0.69 μM (S/N = 3) and a LR of 5 μM to
4.2 mM with LRE of Δi(μA) = 0.342 + 0.008c (μM) (r2 =
0.993), a sensitivity of 8.3 μA mM−1 cm−2, and a LOD of 2.8
μM (S/N = 3), respectively. Table 1 compares biosensing
performance of several laccase modified electrodes toward
catechol. Our biosensor shows low detection limit, the widest
linear range, and reasonable sensitivity. Such wide linear range
can be attributed to the fact that the NiCNFs with big surface
area offered more active sites for the immobilization of Lac and
the nickel nanoparticles played a role of concerted catalysis
during the reaction process. According to the Michaelis−
Menten equation, Δi = Δimaxc/(KM

app + c) (here, Δi is the
steady-state current response of substrate, Δimax is the
maximum current response under the condition of saturated
substrate, c is the concentration of substrate, and KM

app is the
apparent Michaelis−Menten constant); the values of KM

app for

Figure 6. Cyclic voltammograms of bare MGCE (a), NiCNFs/MGCE
(b), PDA-Lac/MGCE (c), and PDA-Lac-NiCNFs/MGCE (d) in 0.2
M acetate buffer solution (pH 5.5) containing 1 mM catechol at a scan
rate of 100 mV s−1.

Figure 7. Schematic representation of laccase catalyzed oxidation of catechol with its subsequent electrochemical reduction on the MGCE.
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PDA-Lac-NiCNFs/MGCE and PDA-Lac/MGCE were calcu-
lated to be 7.8 and 3.1 mM, respectively. A smaller KM

app means
that Lac immobilized on PDA-Lac/MGCE possessed higher
enzymatic activity and showed higher affinity for substrate.
Stability and Reproducibility of the PDA-Lac-NiCNFs/

MGCE. The PDA-Lac-NiCNFs/MGCE showed good repeat-
ability, reproducibility, and stability. The relative standard
deviation (RSD) of the biosensor response to catechol was
within 2.0% for 10 successive measurements, indicating the
biosensor has good repeatability. Five biosensors were prepared
under the same conditions independently to study the
electrode-to-electrode reproducibility and the RSD of the five
modified electrodes was 3.1%, indicating the biosensor possess
good reproducibility. After a week of storage in 0.2 M, pH 5.5
acetate buffer solution at 4 °C, the current response of the
biosensor was almost stable. Even after 30 days, the current
response retained 91.7% of the initial value, indicating that the
Lac well preserved its activity in the composite of PDA-Lac-
NiCNFs, and therefore, the biosensor exhibited good stability.

Selectivity Study and Real Sample Analysis. Catechol
and some other phenolic compounds, including catechin,
epicatechin, gallic acid, guaiacol, phenol, and aminophenol,
were used to determine the selectivity of the biosensor (Figure
10). Obviously, the highest response was 100% for catechol.
However, the biosensor almost exhibited no response to other
phenolic compounds. Hence, the biosensor showed excellent
selectivity for catechol.
To demonstrate the practical application of the biosensor, we

investigated the response of the sensor in real water samples.
First, all water samples including tap water from our lab and
Taihu Lake water from Taihu Lake were filtered with a 0.22 μM
membrane and then added to 0.2 M acetate buffer solution (pH
5.5) (2-fold dilution). After that, a diluted sample solution was
added into 20 mL of stirred 0.2 M air-saturated acetate buffer
solution (pH 5.5). When the current became stable, 100 μM
catechol was added into the stirred solution for amperometric
detection by the PDA-Lac-NiCNFs/MGCE at 0.4 V, and the
experiment was repeated five times. The results are illustrated

Figure 8. Effect of solution pH (a) and applied potential (b) on the steady-state current response of PDA-Lac-NiCNFs/MGCE in 0.2 M acetate
buffer solution containing 500 μM catechol.

Figure 9. (a) Chronoamperometric responses of (1) PDA-Lac-NiCNFs/MGCE and (2) PDA-Lac/MGCE on successive addition of different
concentration and volume of catechol solutions into pH 5.5, 0.2 M acetate buffer solution; applied potential: 0.4 V. Inset: A magnification of the lines
before 500 s. (b) The calibration curves with nonlinear fitting.

Table 1. Biosensing Performance Comparison of Different Laccase Modified Electrodes toward Catechola

electrode description detection limit (μM) linear range (μM) sensitivity (μA mM−1 cm−2) reference

laccase/CNTs−CS/GCE 0.66 1.230 − 43
Lac/AP-rGOs/Chit/GCE 7 15700 15.79 2
MB-MCM-41/PVA/lac 0.331 487.98 − 44
Cu-OMC/Lac/CS/Au 0.67 0.6713.8 104 45
Lac-FSM7.0-GC 2 2100 − 8
Lac−GAfCS−MWCNTs/GC 0.02 0.150 − 9
PDA-Lac-NiCNFs/MGCE 0.69 19100 25 this work

aThe dashes in the table represent values that were not reported in the references.
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in Table 2. The recoveries look satisfactory, confirming the
potential application of the biosensor in detecting phenols in
real samples.

■ CONCLUSIONS
In summary, a PDA-Lac-NiCNFs composite was synthesized
through a one-pot Lac-catalyzed oxidation of DA in an aqueous
suspension containing Lac, NiCNFs, and DA. A novel phenolic
biosensor was successfully prepared by facile and efficient
magnetic separation/immobilization of the PDA-Lac-NiCNFs
composite on a magnetic glass carbon electrode. Herein, the
NiCNFs, as a type of one-dimensional magnetic material,
possess large specific surface area and numerous nickel
nanoparticles, offering abundant active sites for the immobiliza-
tion of Lac, and the novel biosensor displayed outstanding
electrocatalysis toward catechol with wide linear range and low
detection limit. Furthermore, the biosensor also showed good
repeatability, reproducibility, and stability, attributed to the
excellent biocompatible microenvironment of the composite
matrix. Finally, the biosensor was successfully applied in
detecting catechol in real samples. This study demonstrates
that the PDA-Lac-NiCNFs composite is a good candidate for
the construction of a highly sensitive phenolic biosensor.
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