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Abstract

Catechol level is an important indicator for evaluating the quality of tea. Therefore, the exploration of a simple and efficient
quantitative detection method for catechol has an important significance. In this study, functionalized graphene oxide was
synthesized by chemically modifying the surface of graphene oxide. The prepared carrier was covalently combined with
biomimetic oxidase iron porphyrin (FePP, the active center of horseradish peroxidase). Ionic liquid as covalent coupling
agents was designed as electronic bridge between biomimetic oxidase and graphene oxide. The novel biomimetic biosen-
sor provided a detection range of 50.0-1600.0 pmol/L by modulating under the optimal conditions of the reaction system
(FePP concentration is 1.5 X 1073 mol/L, pH 3.0, Nafion solution dosage 1% and temperature 25 °C), the detection limit is
0.09 pmol/L. The biosensor has excellent stability, repeatability and reproducibility, and is expected to be applied to the
rapid detection of catechol in actual tea sample..
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attention recently. It has become one of the important indi-
cators for judging tea quality [1]. Developing a simple and
efficient quantitative detection method for catechol is thus of
important significance for the evaluation of comprehensive
quality of tea and human health.

Extensive methods have been used in recent years to
detect catechol, including spectrophotometry, flow injec-
tion and high-performance liquid chromatography [2]. These
different techniques are reliable, but their cuambersome and
costly operation, time-detection is a major technical prob-
lem hindering their large-scale application. Therefore, a fast
and convenient method is desirable for practical application.
Nowadays, efficient electrochemical biosensor technology
is a potential alternative to the detection of catechol [3-5].
Albayati et al. [6] introduced a novel electrode for catechol
detection by covalent immobilization of laccase (Lac) on
a glassy carbon electrode modified by gold nanoparticles
(AuNPs) and carboxylated multiwalled carbon nanotubes(c-
MWCNTs). The catechol detection limit was 12.26 pM.
Similar low detection limit of 3.75 pM was also reported
using active center iron porphyrin (FePP) of the horseradish
peroxidase (HRP) instead of above laccase in our previous
study [7]. Although FePP sensor was economical and sen-
sitive, FePP was non-covalently immobilized on different
functionalized carbon nanotubes for the detection of cat-
echol. The stability was far below the actual application
requirement due to simple physical adsorption. The explo-
ration of more stable sensors and sensing materials were
critical for catechol detection.

Graphene was almost the best sensing material and far
beyond other material, including electron mobility of 2 X 10°
cm?/V-s (about 140 times of silicon), sheet resistance of only
30 Q/m and specific surface area of 3000 m%/g [8]. However,
graphene was chemically inert and its atomically smooth
surface hindered the adherence of active substances. Activa-
tion of graphene to form graphene oxide (GO) and further
covalently fix active substances by molecule coupling to
improve the stability of the sensor has been attempted [9].
Qi Yunlong et al. [10] induced stable cross-linked graphene
oxide hydrogel using Co** and pyrrole, followed by doping
nitrogen and sulfur atoms into graphene sheets to obtain
3D N-S-doped graphene electrodes. The detection limit for
catechol detection was 0.15 pM. Seyma Erogul et al. [11]
prepared a novel sensor based on Fe;0, functionalized
graphene oxide and gold nanoparticle composite to detect
catechol. The detection limit was 0.8 uM under optimized
conditions.

In this study, an original combination of biomimetic oxi-
dase FePP as biosensor, graphene oxide as sensing material,
and ionic liquids as covalent coupling agent was designed
and conducted as electrode to detect catechol. Conjugation
of the ionic liquid functionalized graphene oxide and the
stable FePP rendered the biomimetic oxidase sensor as a
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candidate for the detection of catechol. Using the ionic liquid
modified graphene oxide to covalently immobilize the FePP,
it was expected that the stability and electron transfer ability
of the biosensor was improved. Nafion polymer solution was
used to further enhance the stability of the electrode. Finally,
optimal FePP biosensor for catechol detection was obtained
by optimizing the reaction conditions, including the concen-
tration of FePP and nafion solution, pH, and temperature.
Theoretical basis for the quantitative detection of catechol
and rapid evaluation technique of the comprehensive quality
of tea were expected to be provided in future.

Experiments
Materials

Graphene oxide gel (1 wt%) and 5, 10, 15, 20-tetra (4-pyri-
dyl) porphyrin were supplied by Aladdin (Shanghai, China).
Catechol, potassium ferricyanide, potassium ferrocyanide,
ferric/potassium/magnesium/sodium chloride, absolute
ethanol, N, N-dimethylformamide (DMF), theanine, glu-
cose, inorganic salts (NaCl, (CH;COO), Zn.2H,0, MgSO,,
KBr), Tris and chloropropyltriethoxysilane were purchased
from Sinopharm Group Co. Ltd, China. Perfluorosulfonic
acid ion exchange resin [Nafion dispersion, 5% (w/w)] was
purchased from Sigma-Aldrich. Green tea was produced by
Suzhou Dongshan Tea Factory Co., Ltd and purchased from
local supermarket. All the reagents were of analytical grade
without further purification. Different pH buffers (0.1 mol/L)
were prepared by mixing variable ratios of citric acid and
Na,HPO,.

Preparation of carrier and iron porphyrin
Preparation of chloropropyl functionalized graphene oxide

5 g of chloropropyltrimethoxysilane was added into 30 mL
of absolute ethanol in a round bottom flask. After being
uniformly dispersed via ultrasound, 5 g of graphene oxide
gel was introduced into the system. The solution was sealed
and stirred at room temperature for 24 h. After complete
reaction, the obtained solid was isolated by filtration and
repeatedly washed with absolute ethanol to give chloropro-
pyl functionalized graphene oxide (Cl1-GO for short) (see
Fig. 1) [12].

Preparation of iron porphyrin

FeCl; and 1 g of 5, 10, 15, 20-tetra (4-pyridyl) porphyrin
with mole ratio of 2:1 were subjected into a 250 mL round
bottom flask. After complete dispersal, 50 mL of DMF was
added, and the mixture was further stirred at 160 °C for 12 h
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Fig. 1 Illustration of biosensor synthesis and catechol detection

[13]. Afterward, the resulting mixture was cooled to room
temperature, filtered, washed with distilled water to remove
unreacted salt. The obtained solid was dried at 60 °C for 24 h
in a vacuum dryer to remove DMF. The final product was
denoted as FePP (see Fig. 1).

Preparation of graphene oxide covalently immobilized
FePP biomimetic enzyme

0.5 mmol of iron porphyrin, 1 g of CL-GO, and 50 mL of
DMF in a round bottom flask were sonicated for 10 min.
After 24 h of reflux condensation, the suspension was
cooled to room temperature, filtered, washed with DMF
and distilled water 2-3 times, vacuum dried at 60 °C for
24 h to obtain ionic liquid functionalized graphene oxide
supported FePP biomimetic enzyme sensor. The composite
was denoted as FePP-CIl-GO (see Fig. 1) [9].

Preparation of biosensor electrodes

The electrode was repeatedly polished with 0.10 pm
and 0.05 pm alumina and sonicated with distilled water
for 15 min until the surface was mirrored. 10 mg of
FePP-CIl-GO (or CI-GO or GO) was weighed and mixed
with 1 mL of buffer (pH 7.0). After sonicated for 15 min,
carrier dispersion was obtained [14]. Afterward, 10 pL of
the carrier dispersion was dropped onto the bare electrode

FePP-CI-GO

Load

surface and dried with an infrared lamp for 20 min. 1% of
Nafion solution prepared via dissolving 10 pL of Nafion dis-
persion in 1 mL of buffer (pH 7.0) was further instilled into
the system and was dried with an infrared lamp for another
20 min. The final dried product FePP—Cl-GO/Nafion/GCE
(or C1-GO/GCE/Nafion/or GO/Nafion/GC) electrode was
kept at 4 °C for further use. Similarly, FePP/Nafion/GCE
and Nafion/GCE electrodes were synthesized.

Electrochemical detection of catechol

The electrochemical properties of the electrode were char-
acterized by CV and impedance method using 5 mmol/L
[Fe(CN)6]3_/4_ solution as substrate. Catechol was detected
by biosensors via CV method using different concentrations
of pH 3.0 catechol solutions as substrate [7]. Spike recovery
rate was calculated to judge the practical application value
of the biosensor [15]. Spike recovery rate was obtained by
adding a quantitative standard substance to the blank sample
matrix, and analyzing the ratio of the actual result to the
theoretical value. DPV curves peak current of FePP—CI-GO/
Nafion/GCE electrode were obtained in air-saturated solu-
tion with the concentrations of catechol varying from 5.0 to
1600.0 pmol/L in 0.1 mol/L PBS buffer (pH 3.0) at 25 °C.
Related parameters in DPV detection: Increment: 0.004 V,
amplitude: 0.05 V, pulse width: 0.05 s, sampling width:
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Fig.2 SEM images of GO (left) and FePP-CI-GO (right) materials

0.0167, pulse period: 0.5 s. The reference electrode type
was Ag/Agcl electrode.

Catechol detection in tea and water samples

1.0 g of tea was weighed, and then crushed in a pulverizer.
The powder and 60 mL of 20% methanol were added into
a 100 mL beaker. The mixture was heat-treated at 80 °C
for 20 min, filtered. The volume of the supernatant was
adjusted to 1000 mL with pH 3.0 buffer, and the tea sam-
ple was finally obtained. The tea sample was also analyzed
by HPLC (Shimadzu Technology, model 20AB). The sam-
ples were separated at using a reverse-phase C18 column
(200 mm x 4.6 mm). The mobile phase was 20% methanol
solution at the flow rate of 0.5 mL-min~"'. The catechol con-
centration in the real tea and water samples was calculated
from the calibration curve by the standard addition method.

Characterization

SEM micrographs were collected via JSM-7500F to ana-
lyze the surface morphology of FePP-GO and GO with
the resolution of 1.4 nm and the pressure of 30 kV. FT-IR
spectra of GO, FePP, FePP-GO, and CL-GO were obtained
in Nicolet-460 using the standard KBr disk method. The
test was conducted in the 4000-400 cm™! with the reso-
lution of 0.4 cm™'. CV and DPV were performed with a
chi660D electrochemical workstation (Shanghai Chenhua
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Fig.3 FT-IR spectrum of GO, ClI-GO, FePP, FePP-GO materials
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Co., Ltd. China). All experiments were performed using a
three-electrode system (the glassy carbon electrode was the
working electrode, the Ag/AgCl electrode was the reference
electrode, and the platinum wire electrode was the counter
electrode).

Results and discussion
Surface characterization of the modified electrodes

The SEM micrograph of GO shown in Fig. 2 (left) directly
noted the flufty distribution and loose connection between
each layer. In sharp contrast, the structure of FePP-Cl-GO
shown in Fig. 2 (right) became a multi-layer and compact
after covalent immobilization [16]. The functionalized GO
mainly served as a bridge to provide an intermediary channel
for the surface of the glassy carbon electrode and FePP, and
obtained the electron transfer requirement of the electrode
surface.

Figure 3a presented the FT-IR spectrum of GO, CI-GO,
FePP, FePP-GO materials. Obvious peaks at 3428, 2900,
1620, 1400, and 598 cm™! corresponding to O-H, C-H
stretching, C=0 adsorption in the aromatic ring, C=C
and O-C stretching were typical bands of GO [17]. For
Cl-GO, the skeleton characteristic peaks of GO were
observed, and the slightly weakened peak density of O—H
was the silicidation of GO due to the introduction of ionic
liquid [18]. The presence of peaks at 867 and 685 cm™!
were assigned to the stretching vibrations of Si—~O-H and
Si—O-C [19]. These behaviors indicated that the ionic lig-
uid was successfully grafted onto the surface of GO. The
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Fig.4 A CVs of (a) Bare GCE, (b) CI-GO/GCE, (c) FePP-Cl-
GO/GCE in the 0.1 mol/L PBS (pH 7.0) containing 5.0 mmol/L
[Fe(CN)4]>*~ and 0.1 mol/L. KCI. B CVs of (a) Bare GCE, (b) Cl—

band of FePP-Cl-GO was obviously weaker than that of
FePP. Besides, the peak position was shifted compared
with CL-GO due to the covalent interaction between FePP
and Cl1-GO. The N-H and C-H of the pyrrole ring showed
typical symmetrical and asymmetrical stretching bands in
the range of 700-1700 cm™~! [20]. It was indicated that the
FePP was successfully immobilized in the GO carrier to
form an immobilized FePP biomimetic enzyme. Figure 3b
presented the XRD of FePP-GO materials. A diffraction
peak of GO was observed at 10.26° corresponding to an
interlayer spacing with crystal plane of (001). One more
broad diffraction peak was observed at 26.5° crystal plane of
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GO/GCE, (c) FePP-CI-GO/GCE in the 0.1 mol/L PBS (pH 7.0) con-
taining 0.1 mol/L catechol
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(002) [21]. Other miscellaneous peaks are attributed to the
introduction of FePP and consistent with our previous work
[22]. It was indicated that graphene oxide could be used as
a covalent carrier of FePP. At the same time, the conductiv-
ity of FePP—CI-Go would not be reduced due to excessive
oxidation of graphene.

Electrochemical behavior of the proposed biosensor

Figure 4A presented the CV scanning results of bare
GCE, CI-GO/GCE and FePP-Cl-GO/GCE electrodes.
Redox peaks in the potential range of — 0.8 to 0.2 V
were observed on all the electrodes. Compared with the
bare electrode, the current values of CI-GO/GCE and
FePP-Cl-GO/GCE electrodes were increased by 17 and
33 pA, respectively. These behaviors reflected that CI-GO
greatly enhanced the electrochemical performance of
FePP. The excellent conductivity and large specific sur-
face area of CI-GO offered abundant active sites for the
loading of FePP [23]. Under the action of a small molecule
coupling agent ionic liquid, both the electron transfer dur-
ing FePP catalytic oxidation [24] and the bond between
FePP and C1-GO were promoted to make the biosensor
more stable. Figure 4B presented the cyclic voltammetry
of various electrodes in 0.1 M catechol solution (pH 7.0).
As shown in curve a, a weak redox peak of the bare elec-
trode was obtained due to the self-oxidation of catechol.
In contrast, as shown in curve b, an obvious redox peak of
Cl-GO-modified electrode appeared, and the amplifica-
tion of the electrical signal was due to the self-oxidation
of catechol. It proved the excellent electrical conductivity
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of the modified material. As shown in curve c, a higher
redox peak of FePP-CI-GO-modified electrode appeared
indicating that FePP promoted phthalate catalytic oxida-
tion of catechol.

EIS was used to study the interface characteristics
of the electrode surface charge transfer process, includ-
ing high frequency semicircular and low frequency lin-
ear (Fig. 5). The semicircular diameter represented the
electron transfer resistance (Ret), which dominated the
electron transfer kinetics of the electrode interface redox
probe. The linear portion was attributed to the diffu-
sion limit process [25]. The impedance spectra in Fig. 5
revealed that the bare GCE exhibited a large semicircle
with a Ret value of 2000 Q. As shown in Fig. 5, it was
hard to obtain Ret value of the synthesized nanomaterials,
which was attributed to ultra-low impedance of grapheme
oxide. Apparent decrease of Ret after GO was immobi-
lized on the surface of GCE indicated that electron trans-
fer on the surface of the electrode became easier. The
slightly increased Ret of FePP-Cl-GO/GCE was probably
because of the existence of FePP that hindered electron
transfer on the electrode surface [26].

The influence of scan rate on the CV response of
the FePP-CI-GO/GCE in PBS solution (pH 7) with
0.1 mol/L KCI and 0.1 mol/L catechol was shown
in Fig. 6a. At a relatively slow scan rate, the oxida-
tion-reduction process of the nanocomposite presented
basically symmetric anode and cathode peaks. When
the scan rate increased, the redox potential of catechol
slightly changed. The anode and cathode peak cur-
rents (Ipa, Ipc) increased linearly with the scan rate
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Fig.6 a CV of FePP-CI-GO/GCE in PBS solution (pH 7) with 0.1 mol/L KCI and 0.1 mol/L catechol at different scan rates of 20, 40, 60, 80,
100, 120, 140 mV/s. b The plots of anodic and cathodic peak current vs. scan rate
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Fig.7 a FePP-CI-GO/GCE in (a) 70 (b)
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Figure 7 demonstrated the effect of the reaction temperature 0.3 0.4 0.5 0.6 0.7 0.8 0.9
on the FePP-CI-GO/Nafion/GCE electrodes in the range of Potential/V

0-60 °Cin a 0.1 mol/L catechol buffer solution. The results
were detected by CV scanning. The peak current difference
between the biomimetic oxidase and bare electrode shown
in Fig. 7a confirmed the oxidation of catechol catalyzed by
biomimetic enzyme sensor. It was seen that catechol did
not self-oxidize lower than 25 °C. A gradual catalytic activ-
ity increase was observed at higher temperature. When the
temperature was higher than 40 °C, the sharply decreased
current verified the instability of catechol [27]. Therefore,
25 °C was chosen as the best measurement temperature.

In this study, FePP was substituted for horseradish peroxi-
dase to rapidly detect the content of catechol, so optimizing

Fig.8 DPV curves peak current of FePP-CI-GO/Nafion/GCE elec-
trode in air-saturated solution with the concentrations of catechol var-
ying from 5.0 to 1600.0 pmol L™! (Left). Standard curve of the cat-
echol solution concentration was measured in 0.1 mol/L. PBS buffer
(pH 3.0) at 25 °C (right)

the amount of FePP was necessary. As shown in Fig. 7b,
the oxidation of catechol was promoted with the increased
amount of FePP because catechol was supersaturated and the
FePP involved was insufficient to catalyze all the substrate.
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Table 1 Different sensor results
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Fig.9 Repeatability of FePP-Cl-GO/Nafion/GCE compared with the
initial peak current in the 0.1 mol/L. PBS buffer (pH 3.0) containing
0.1 mol/L catechol

However, the catalytic activity per unit FePP was maximal
when the concentration of FePP was 1.5 x 107> mol/L and
the value gradually declined afterward due to the limited
effective surface area and electron transfer resistance. Ini-
tially, the catalyst was dispersed on surface of the electrode.

@ Springer

with the initial peak current in the 0.1 mol/L PBS buffer (pH 3.0)
containing 0.1 mol/L catechol at 4 °C storage

As the concentration of FePP increased, the catalysts packed
and thickened, which aggravated the electron transfer resist-
ance [28]. Therefore, 1.5x 10~ mol/L FePP was chosen as
the optimum amount of catalyst.

Effects of pH on the electrochemical reaction of
FePP-CI-GO/Nafion/GCE electrode were measured in the
pH range of 2.0-7.0 in 0.1 mol/L catechol buffer solutions,
the CV scanning results were shown in Fig. 7c. The opti-
mum pH of FePP-Cl-GO/Nafion/GCE electrode was 3.0.
Due to the continuous increment of the pH value, the peak
current declined rapidly. It was deduced that the structure
of catechol was maintained since the reaction system in the
acidic environment was unfavorable to the ionization of H*
of catechol. Under neutral or alkaline conditions, the cat-
echol structure was destroyed and unable to participate in
the oxidation catalytic reaction [29]. Therefore, pH 3.0 was
chosen as the optimum pH of the reaction system.

Nafion had the potential to greatly improve the stability
of the biosensor once its concentration was high enough
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Table 2 Recovery experiment

of detection of catechol in real Samples Number Ef_g‘z)cld/f; 10 gzﬂfnodfs mol/L) Recovery (%) RSD (%, n=3)
water and tea samples
Water 1 30 30.16 100.53 39
2 50 52.90 105.79 35
3 100 95.55 95.55 4.0
Tea 1 - 6.28 - 32
2 10 17.38 106.76 3.7
3 20 25.35 96.46 3.6

“The content of catechol in tea was 60.2 pmol/L calculated by HPLC analysis results

because of its good adhesion and proton conductivity. How-
ever, too much Nafion limited the conduction of electrons
due to its poor electrons transfer ability. It can be seen from
Fig. 7d that the current change was minor when the vol-
ume ratio of Nafion was less than 1%. As the concentration
increased, the current value gradually decreased. Therefore,
1% (v/v) Nafion was added to enhance the stability of the
biosensor.

Detection of catechol by FePP-CI-GO/Nafion/GCE
biosensor

After optimization, the standard curve of the catechol solu-
tion was measured in 0.1 mol/L buffer solution (pH 3.0)
at 25 °C via the FePP-Cl-GO/Nafion/GCE biomimetic
enzyme sensor prepared with 1.5x 10~ mol/L FePP and
1% (v/v) Nafion. As shown in Fig. 8, the oxidation peak
was linearly corresponded to the substrate concentration
in the range of 50.0-1600.0 pmol/L. The linear equation
was I (0A)=0.01052C +71.62 umol/L (R?>=0.994). The
detection limit (LOD) calculated according to the formula
LOD =3 x SD/slope (SD was standard deviation; slope was
obtained from the standard curve) was 0.09 pmol/L. The
obtained results from this work and other researches are pre-
sented in Table 1. The proposed biosensor has a low detec-
tion limit (nanomolar range), and it can be used for very
sensitive samples with low concentrations of catechol. As
shown in Table 1, it has the better sensitivity in comparison
with other biosensors [30-35]. The satisfactory results con-
firmed the potential of exploration biomimetic biosensor to
substitute for the horseradish peroxidase sensor [36]. FePP
had the advantages of easy synthesis, low cost and conveni-
ent storage.

Selectivity and stability analysis of the proposed
biosensor for catechol

After five consecutive measurements in 0.1 mol/L cat-
echol buffer solution (pH 3.0), the relative standard devia-
tion (RSD) of the oxidation current was kept within 2.0%,
indicating FePP-C1-GO/Nafion/GCE sensors have good

repeatability (Fig. 9a). Adhesive Nafion immobilized the
modification material onto the electrode and made it hard
to fall off, thereby improving the repeatability of the sen-
sor. Under the optimal conditions, the same concentration
(0.1 mol/L) of theanine, glucose, and inorganic salts (NaCl,
(CH;COO0), Zn, MgS0O,, KBr) was add into the detection
solution of 0.1 mol/L catechol. The anti-interference ability
of FePP—Cl-GO/Nafion/GCE was investigated. Figure 9b
showed that the above possible interfering substances in tea
sample did not significantly affect the selectivity of the sen-
sor. It was attributed to the strong anti-interference ability
of FePP. FePP was similar to laccase and only catalyzed
the oxidation of catechol. These results could prove that
FePP—CI-GO/Nafion/GCE has excellent selectivity to cat-
echol. Six modified electrodes were prepared under the same
conditions and subjected to the detection of catechol. The
RSD of 2.5% indicated that the repeatability of biomimetic
enzyme sensor was better than that of horseradish peroxidase
sensor [37].

The storage stability of FePP-CIl-GO/Nafion/GCE elec-
trode was studied at 4 °C. As shown in Fig. 10, the oxida-
tion current value still maintained 96.3% of its initial value
after stored 1 week. This behavior demonstrated that the
biomimetic biosensor was more stable than the horseradish
peroxidase sensor [38]. It was probably because FePP was
not easily inactivated compared with horseradish peroxidase.

In practical applications, the water and tea samples were
diluted with pH 3.0 buffer. The concentration of catechol
was measured by standard addition. As shown in Table 2,
all the recoveries were above 95.0%. It confirmed the fea-
sibility of detection of catechol in real environment via
FePP-CI-GO/Nafion/GCE electrode.

Conclusion

In this study, an original conjunction of FePP as a biomi-
metic oxidase, graphene oxide as a sensing material, and
ionic liquids as covalent coupling agents was designed and
conducted as a biosensor. The obtained biomimetic oxidase
sensor FePP—CIl-GO/Nafion/GCE was constructed for the
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rapid detection of catechol. The optimal detection conditions
for the biosensor prepared with 1.5 x 10~ mol/L FePP and
1% (v/v) Nafion was pH 3.0 at 25 °C. The detection limit
was 0.09 pmol/L in the range of 50.0-1600.0 pmol/L. In
spite of all, the repeatability, reproducibility and stability
of FePP—Cl-GO/Nafion/GCE biosensors were satisfactory.
After five consecutive measurements, the RSD of the oxi-
dation current was kept within 2.0%. The RSD of the oxi-
dation current of six FePP—Cl-GO/Nafion/GCE electrodes
prepared under the same conditions was 2.5%. After stored
at 4 °C for 1 week, the oxidation current value still main-
tained 96.3% of its initial value.
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