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Magnetic graphene nanocomposites were prepared by hydrothermal synthesis, and aniline polymerization was
initiated by magnetic graphene. These polyaniline/magnetic graphene (PANI/MG) composites were used to im-
mobilize laccase to construct biosensors. Scanning electronmicroscopy (SEM), transmission electronmicroscopy
(TEM), X-ray diffraction (XRD) and infrared spectroscopy (IR)were used to characterize these composites. Cyclic
voltammetry and chronoamperometry technique were used to test the electrical properties of the constructed
polyaniline/magnetic graphene laccase modified electrode. The results show that the polyaniline/magnetic
graphene immobilizing laccase modified electrode exhibited superior electrical properties, including high sensi-
tivity, detection limit and linear range. The hydroquinone was used as an analytical and detection probe. The se-
lectivity was 0.03639 A/(mol/L), the linear range was 0.4–337.2 μmol/L, and the detection limit was 2.94 μM
(signal/noise = 3, minimum identification value of effective signal). The biosensor can reach the conditions for
detecting the actual water sample.

© 2020 Published by Elsevier B.V.
1. Introduction

Phenolic compounds are one of the common chemical raw mate-
rials. Hydroquinone is one of the common phenolic compounds and is
widely used in chemical products such as industry, medicine, and pesti-
cides [1–3]. However, due to its high toxicity and refractory nature, it
will cause damage to the environment andwill affect the ecological bal-
ance and human health [4–6]. Therefore, the detection of hydroquinone
is particularly important. At present, traditional detecting methods for
phenols include spectrophotometry, high performance liquid chroma-
tography, gas chromatography and other detection methods [7–9].
However, these conventional methods are complicated and time-
consuming, require expensive instruments and have a low sensitivity.
Therefore, a rapid and efficient method for detecting hydroquinone is
the focus of research. Recent years, electrochemical methods have
attracted attention because of their fast and efficient characteristics
edu.cn (J. Lin), zguo10@utk.edu,
[10–12]. In the detection of phenolic compounds, electrochemical bio-
sensors can quickly and sensitively detect phenolic substances in
water, and have the advantages of low cost, good sensitivity, etc., and
have broad prospects, which are of great concern to researchers
[13–16]. Graphene is a new type of two-dimensional carbon
nanomaterial [17–24]. Its unique sheet structure makes it have excel-
lent electrical conductivity [25–30] and high theoretical specific surface
area [31–34], and it has awide range of applications in the electrochem-
ical direction [35–38]. Graphene has obvious disadvantages in the role
of van derWaals force between sheets, and the occurred aggregation af-
fects the application and development of graphene [39–41]. The combi-
nation of graphene and nanoparticles can reduce accumulation,
partially solving this problem and making it more widely used in the
electrochemical applications.

Fe3O4 nanoparticles (NPs) are rich in nature and have excellent
redox activity, environmentally friendly, low cost, and have received ex-
tensive attention and applications [42–48]. The surface of Fe3O4 NPs is
rough, and the uneven atomic step is advantageous for increasing the
area of chemical reaction. In addition, because of high electrical conduc-
tivity, excellent biocompatibility, and no toxic side effects, Fe3O4 NPs are
used in the biosensor to immobilize the enzyme to realize direct
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electron transfer of the enzyme to enhance the catalytic activity. In par-
ticular, magnetic particles of Fe3O4 NPs are considered to be good appli-
cations for immobilizing biomolecules due to their superparamagnetic
properties and unique advantages of bridging catalysts and substrates.
Polyaniline (PANI) is a kind of common conductive polymer with excel-
lent processing performance, simple preparation process and good bio-
compatibility [49–58]. It has the characteristics of directing electron
transfer on the surface of the enzyme electrode and similar excellent
electrical conductivity to metals, making it widely studied for biosen-
sors [59–62].

Laccase (Lac) is a multi‑copper polyphenol oxidase that can effec-
tively catalyzes the oxidation of many phenolic compounds, accompa-
nied by the reduction of oxygen to water. Due to its highly efficient
biological catalysis, laccase is currently widely used in environmental
wastewater treatment and microbial conversion of natural products.
In addition, laccase-based biosensors are used to determine the phenols
in foods, environment and body fluids [63–66].
Scheme 1. Schematic of the fabrication of polyaniline/magnetic graphene-Lac-GCE and laccase c
GCE.
In this paper, a laccase biosensor was prepared from PANI/MG com-
posites to detect hydroquinone in water. The composites were charac-
terized by electron microscopy, X-ray diffraction, infrared
spectroscopy, etc. The electrochemical properties of the modified elec-
trodes were analyzed and the biosensors were evaluated.

2. Material and methods

2.1. Materials and instruments

Aniline (analytically pure) was supplied by Tianjin Kemi Chemical
Reagent Co., Ltd. (Tianjing, China). Natural flake graphite was obtained
from Qingdao Jinrilai Graphite Co., Ltd. (Qingdao, China). Laccase was
purchased from Cool Biotechnology Co., Ltd. (Fuyang, China). Other re-
agents were of analytical grade, and the solution was prepared with ul-
trapure water. Nafion (5% w/w) was supplied from E.I. DuPont
Company.
atalyzed oxidation of hydroquinonewith its subsequent electrochemical reduction on the
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A CHI660C electrochemical workstation (Shanghai Chenhua Instru-
ment Co., Ltd.) was employed. The morphologies were characterized
by scanning electron microscope (HITICHA S-4300,Tokyo, Japan) and
transmission electron microscope (HITICHA S-7650, Tokyo, Japan).
The chemical components were analyzed by Powder D8 Advance X-
ray diffraction (XRD, Bruker AXSD8). The surface chemistry ofmaterials
was examined by Fourier transform infrared spectroscopy (Nicolet380
FT-IR spectrometer, Thermo Fisher Scientific) based on KBr tablet from
500 to 4000 cm−1.

2.2. Preparation of magnetic graphene (MG)

Graphite oxide (GO) was prepared according to the modified Hum-
mers method [67]. Briefly, 2 mg/mL graphite oxide (80 mg)-ethylene
glycol (40 mL) solution was treated by ultrasonic stripping for 60 min
to obtain a brown dispersion of graphene oxide. 0.5 g of FeCl3·6H2O
was dissolved in the above graphene oxide solution, and the mixed so-
lutionwas constantly stirred for 2 h. Then, 3.6 g of crystalline sodiumac-
etate and 1.0 g of polyethylene glycol were added and stirred for 30min
for preventing the agglomeration. Themixturewas then transferred to a
stainless steel autoclave and heated at 200 °C for 16 h. The black product
was washed several times with ethanol by centrifugation and dried at
50 °C in a vacuum oven.

2.3. Preparation of polyaniline/magnetic graphene

60 mg magnetic graphene was dissolved in 40 mL 1 mol/L HCl solu-
tion and ultrasonically dispersed. The solution was stirred at 200 rpm/
min using a stirrer, and then 50 mg of aniline was added and stirred
for 30 min to adsorb on the magnetic graphene. Ammonium persulfate
with a molar ratio of 0.1:1 to aniline was slowly added dropwise to the
Fig. 1. SEM images of a and b: PANI/MG; XRD images of c: PA
above solution. After 10 min, the reaction was carried out for 4 h. After
that, it was washed with water and absolute ethanol to neutrality, and
transferred for freeze-drying. The composites were dried for 48 h. The
polyaniline/magnetic graphene composites were prepared for use. At
the same time, the composites having different mass ratios (MG: PANI
= 0.1:1, 0.1:2, and 0.1:2.5) were prepared according to the above
conditions.

2.4. Fabrication of biosensors

The polyaniline/magnetic graphene composites were dispersed in a
1.5% nafion solution by sonication for 15 min to obtain a 3 mg/mL
polyaniline/magnetic graphene solution. Then, laccasewas added to ad-
just the concentration to 3mg/mL, stirred for 30min, and then adsorbed
at 4 °C for 48 h. 8 μL of the dispensed solution was applied dropwise
onto the electrode and dried in a freezer at 4 °C and designated as
PANI/MG-Lac-GCE. According to the same preparation process, the
bare electrode, Lac-GCE andMG-Lac-GCEwere prepared for comparison
(Scheme 1).

2.5. Electrochemical performance

A three-electrode systemwas used, i.e., modified glassy carbon elec-
trode (GCE) asworking electrode, Pt electrode as counter electrode, and
saturated Ag/AgCl electrode as reference electrode. Cyclic voltammetry
technology was used evaluate the working electrodes by observing the
relationship between potential and current, and the peak value of the
current. The experimental voltages of the cyclic voltammetry technol-
ogy were:−0.2–0.8 V in buffer solution and−0.4–1.0 V in buffer solu-
tion containing hydroquinone. The chronoamperometry technology
was used to evaluate and analyze the biosensors by recording the
NI and PANI/MG (MG:PANI = 0.1:1, 0.2:1 and 0.25:1).



Fig. 2. TEM images of a and b: PANI/MG; FI-IR images of c:MG, PANI and PANI/MG.
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changes in current value with substrate concentration. These two
methods were applied for evaluating the electrochemical performance
of the biosensors. The experimental voltage of chronoamperometry
technology was at 0.6 V.
Fig. 3. Cyclic voltammetry curve (CV) of GCE, MG and PANI/MG(MG:PANI = 0.1:1, 0.2:1
and 0.25:1).
3. Results and discussion

3.1. Characterizations

The morphologies of PANI/MG were observed by SEM and TEM,
Fig. 1a&b and Fig. 2a&b. For the three-dimension graphene-Fe3O4-
Fig. 4. Cyclic voltammetry curves (CV) of GCE, Lac-GCE, MG-Lac-GCE and PANI/MG-Lac-
GCE.



Fig. 5. Cyclic voltammetry (CV) curves of GCE and PANI/MG-Lac-GCE containing 50 μM
hydroquinone (HQ) at pH 5.0.
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PANI, it can be clearly seen from the SEM image (Fig. 1a&b) that
polyaniline is supported on the surface of magnetic graphene, and
Fe3O4 NPs are supported on the surface of graphene. The three-
dimensional structure of the material was thus obtained. A number of
nano-cavities displayed in the TEM image (Fig. 2a&b) are due to the
even distribution of Fe3O4 where are covered with polyaniline and sup-
ported on the graphene sheets, which further explains the spatial struc-
ture of formed composites.

The component of PANI/MG was characterized by XRD, Fig. 1c. The
peaks at 2θ = 15.86°, 22.31°, 25.64° correspond to the (011), (020),
and (200) crystal plane characteristic diffraction peaks of PANI [68]. It
can be seen that PANI and the composites of 0.1:1 displayed the above
diffraction peaks, but in the case of 0.1:2, the intensity of the diffraction
peak was lowered, possibly due to a decrease in the mass ratio. In the
composites of 0.1:2, the peaks at 2θ = 18.9°, 30.2°, 35.5°, 57.2° and
62.9° correspond to (111), (200), (311), (400), (511) and (400) diffrac-
tion peaks of Fe3O4 [69,70], respectively. It indicates the presence of
Fe3O4. In the composites of 0.1:1, the diffraction peak of Fe3O4 nanopar-
ticles did not appear. The reason may be that under the condition of
0.1:1, the amount of polyaniline is relatively large, and Fe3O4 NPs are
completely covered.
Fig. 6. Cyclic voltammetry (CV) curves of different scan rate of PANI/MG-Lac-GCE at
The chemical structure of PANI/MG (MG:PANI = 0.1:2) was further
characterized by FTIR, Fig. 2c. The absorption peak of MG at
3458.15 cm−1 is caused by the hydroxyl groups [71], but its peak inten-
sity is weak, indicating that the surface hydroxyl group of graphene
oxide is reduced. The absorption peaks at 1088.13 cm−1 and
1568.15 cm−1 are the stretching vibrations of the C\\O and C_C
bonds of the epoxy group [72]. The absorption peak at 596.64 cm−1

due to the Fe\\O bond [71] further confirms the existence of Fe3O4.
The\\NH and C_C stretching vibration absorption peaks in the

polyaniline appear at 3436.37 cm−1, 1558.85 cm−1and 1478.30 cm−1

respectively [73]. The peaks at 1300.18 cm−1 and 1243.34 cm−1 corre-
spond to the C\\N stretching vibration in the benzene ring [74]. The one
at 1135.40 cm−1 is due to the C\\H bending vibration [73]. The C\\H
out-of-plane bending vibration absorption peak is displayed at
881.8 cm−1 [75]. The absorption peak at 801.05 cm−1 is the C\\H in-
plane deformation vibration in the tetra-substituted benzene ring [76],
which proves the synthesis of polyaniline. The corresponding character-
istic peaks appear on the PANI/MG samples, but the intensity and posi-
tion have slight changes. These indicate the interaction between PANI
and MG. PANI/MG has an N\\H stretching vibration peak at
3449.35 cm−1 [75], a C\\N stretching vibration peak at 1295.90 cm−1

[77], and an absorption peak of Fe\\O bond in MG at 503.98 cm−1

[78]. The results further demonstrate the synthesis of PANI/MG.

3.2. Electrocatalysis of the PANI/MG/GCE

Fig.3 shows that the cyclic voltammetry curve (CV) of a glassy car-
bon electrode (GCE), and the PANI/MG modified electrode with differ-
ent mass ratios. It can be seen that the PANI/MG composites have a
good electrical conductivity and has a higher electrical performance
than the glassy carbon electrode. In the optimization of the carrier, it
can be seen that when the mass ratio of MG: PANI is 0.1:2, the conduc-
tivity is optimal. When the mass ratio of MG: PANI is 0.1:2.5, the con-
ductivity is decreased. The reason may be that the less proportion of
polyaniline affects its conductivity.

Fig. 4 shows the cyclic voltammetry curve for the GCE, Lac-GCE, MG-
Lac-GCE and PANI/MG-Lac-GCE. It can be seen that each electrode has
an excellent redox reversibility, and the Lac-GCE peak current is signif-
icantly lower than the GCE current, which is due to the fact that Lac acts
as a non-conducting protein, affecting the electron transfer. The peak
current of PANI/MG-Lac-GCE is improved relative to the MG-Lac-GC
and it ismuchhigher than Lac-GCE, indicating that PANI/MG accelerates
electron transfer and improves the electrocatalytic performance of the
biosensor. Fig. 5 shows the current response of a GCE, PANI/MG-Lac-
pH 5.0 (a) and the relationship between peak current values and scan rate (b).



Fig. 7. Cyclic voltammetry curve (CV) of PANI/MG-Lac-GCE at a scan rate of 100 mV/s for different pH of 50 μMHQ (a) and the relationship between oxidation peak potential and pH (b).

Fig. 8. Chronoamperometry of PANI/MG-Lac-GCE continuously added to HQ:
Amperometric response of PANI/MG-Lac- GCE with different concentrations of HQ (a),
calibration curve of the current values vs concentration of HQ (b).
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GCE electrode in a cyclic voltammetry test of 50 μMhydroquinone (HQ)
in pH 5.0 buffer. It can be seen that the peak current of Lac-PANI/MG/
GCE is greatly improved, indicating that the compositematerial has a di-
rect electrochemical activity and accelerates the electron transfer of the
enzyme. Besides, the difference of the redox peak potential decreases
(ΔEp decreases), indicating that laccase has a good catalytic activity for
HQ.

Fig. 6 shows the cyclic voltammetry and the relationship between
the peak current and the scan rate of the PANI/MG-Lac-GCE in a buffer
solution of pH 5.0. As shown in Fig. 6, with increasing the scan rate,
the oxidation and peak and reduction peak currents also have a favor-
able linear relationship by the linear fitting of peak current values. It
can be reasonably assumed that the electrode reaction is a surface-
controlled quasi-reversible process [68].

Fig. 7 shows the cyclic voltammetry and the relationship between
the peak current and the pH of PANI/MG-Lac-GCE containing 50 μMhy-
droquinone (HQ) phenol in buffer solution with different pH values. It
can be seen that in the range of pH 3.0–7.0, the peak current increases
first and then decreases with the change of pH, and the peak current
reaches the maximum at pH 5.0. Besides, it can be seen that the poten-
tial of the oxidation peak has a favorable linear relationshipwith chang-
ing the pH. It is indicated that the protons in the reaction process of
PANI/MG-Lac-GCE participate in the main process. Protons participate
in the reduction process of laccase and combine with O2 to form water
as shown in Eqs. (1) and (2) [74,76]:

HQ þ O2 →
laccase

1;4−benzoquinoneþ 2H2O ð1Þ

1;4−benzoquinoneþ 2e− þ 2Hþ→HQ ð2Þ

Fig. 8a shows the chronoamperometry of PANI/MG-Lac-GCE in the
addition of HQ under stirring. It can be seen that as the concentration
of HQ increases, the response current of the PANI/MG-Lac-GCE elec-
trode increases. It can be seen that when HQ is added to the system,
the current responds quickly and is stabilized rapidlywithin 5 s, indicat-
ing that the biosensor has an excellent current response toHQ. By calcu-
lating the average value of the steady current after each addition of HQ,
it can be seen that the response current value of the electrode varies
with HQ concentration in Fig. 8b. The increase is in a favorable linear re-
lationship. The linear range of the biosensor is 0.4–337 μM, the linear
equation is: I = 0.03647c + 0.09816, the R2 is 0.998, the sensitivity is
36.47 μA/mM, and the detection limit is 2.94 μM. A comparison of the
biosensor with the hydroquinone biosensor reported in recent years is
shown in Table 1 [79–83]. It can be seen from the Table that the



Fig. 9. The anti-interference of PANI/MG-Lac-GCE.in a pH 5.0 buffer of 5 μMHQ containing
different phenolic compounds (a); the stability of PANI/MG-Lac-GCE saved for onemonth
at 4 °C.

Table 1
Comparison of hydroquinone biosensors.

Electrode description Detection
limit
(μM)

Linear
range
(μM)

Sensitivity
(μA/mM)

Reference

AP-rGOs/Chit/GCE 2 3–2000 14.16 67
Fe3O4-SiO2/CPE 0.015 0.1–137.5 – 68
OMC–Au/L-lysine/Au/GCE 0.05 0.4–80 – 69
TiO2-CuCNFs/GCE 3.65 1–89.8 24.6 70
Si4Pic + Cl-/CPE 10 10–450 66 71
PANI/MG/GCE 2.94 0.4–337.2 36.47 This work
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prepared biosensor has a satisfactory linear range and sensitivity, which
proves the excellent biocompatibility and conductivity of the PANI/MG
composites.

The phenols were tested 5 times with the same modified electrode
in a buffer solution containing 5 μM hydroquinone, and the relative
standard deviation (RSD) of the test results was 3.7%. Three modified
electrodes were prepared in the same methods and measured for a
buffer solution of 5 μMhydroquinone. The response current shows a rel-
ative standard deviation of 4.3%. In the 5 μM hydroquinone solution,
after 20 cycles of the modified electrode, the current only changed
1.9%. After the biosensor was stored at 4 °C for 2 weeks, the same con-
centration of phenol was detected, and the response current was ob-
served, and the current was reduced by 3.3%. The above results
indicate that the modified electrode has the merits of excellent repeat-
ability, reproducibility and stability.

The biosensor detected thewater sample of adjusting laboratory tap
water to pH5.0. The samebatch ofwater samplewas continuouslymea-
sured five times, and the RSD was calculated to be 2.57%. The measured
value and the true valuewere calculated from the linear relationship be-
tween the current and the concentration shown in Fig.8, and the recov-
eries (the percentage of the detection value to the real value) (Table 2)
are calculated to be between 97.125% and 103.10%, indicating that the
biosensor has a good recovery rate and can be applied to detect HQ in
real sample.

Fig. 9 shows the anti-interference repeatability and stability test of
PANI/MG-Lac-GCE. An interference substance equivalent to HQ was
added to a pH 5.0 buffer of 5 μMHQ and compared with the initial cur-
rent. The response current did not change too much. It shows that the
PANI/MG-Lac-GCE has excellent catalytic performance and selectivity
for HQ.

4. Conclusion

The biosensor of PANI/MG-Lac-GCE was prepared via synthesizing
polyaniline/magnetic graphene nanocomposites and immobilizing the
biomolecule laccase. The results show that PANI/MG-Lac-GCE biosensor
has a low detection limit, excellent selectivity, repeatability, reproduc-
ibility and stability. Its electrocatalytic effect on hydroquinone (HQ)
proves that the prepared biosensor is a prospective phenolic biosensor
for real water applications.

Declaration of competing interest

There is no conflict of interests for this submission.
Table 2
Determination of HQ content in tap water samples.

Sample Real value
μmol/L

Detection value
μmol/L

Recovery
%

Relative standard
deviation %

1 7.20 7.341 101.94 2.57
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