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A novel hybrid material was fabricated with layered double hydroxides ( LDHs) and carboxylated
Single-walled carbon nanotubes( SWNTSs) by electrostatic interaction to fix the dauphin oxidase.
Characterization of the samples was carried out using FT-IR spectrophotometer, permeability
determination, and electrochemical impedance, respectively. The permeability determination and
electrochemical impedance manifested the higher conductivity, larger permeability, and better bio-
compatibility of the new material, which suggested that this novel material offer a more suitable
micro-environment for the survival of enzyme. Results of experiments on response characteristics of
the biosensor to five phenolic compounds were given to illustrate the proposed technique, revealing
that at the proportion of 25.7:1 ( LDHs / SWNTSs ), the proposed biosensor achieves high sensitivity,
low apparent Michaelis constant (0.0065 mM ) and wide linear range (7.95x107°-3.08x10° M).
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1. INTRODUCTION

The determination of phenol and its derivative compounds plays an important role in the
environment protection, because these species are toxic wastes in most industries such as oil, dye,
polymer and pharmaceutical industries[1]. Among these phenols compounds, chlorophenol is one of
the most toxic substrates for humans and aquatic organisms. Therefore, the monitoring of chlorophenol
is significant. There have been several methods for chlorophenol determination such as gas
chromatography[2], high performance liquid chromatography[3], gas chromatography-Mass
spectrometry[4], capillary electrophoresis[5] and electrochemical methods[6]. However, spectrometric
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and chromatographic methods require high-cost equipment, complicated sample pretreatment and
professional operation procedures. Hence, a simple, fast and selective approach is of eager need for
chlorophenol detection. In recent years, electrochemical sensors and biosensors have become
prevailing assays for phenol determination. Enzyme-based biosensors are the simple and convenient
tool for phenol determination, due to their high selectivity and sensitiveness. For enzymatic sensor, the
selection of enzymes also plays a key role in the performance of the as-obtained sensors. Several
enzymes such as polyphenol oxidase[7], tyrosinase[8], laccase[9] and horseradish peroxidase[10] had
been employed to fabricate enzymatic phenol sensor.

Among the above mentioned enzymes, polyphenol oxidase (PPO), as a kind of copper (II)
protein, is abundant in plants, microorganisms, and animals. Under In the presence of oxygen
conditions, ortho-hydroxylation reaction was catalyzed by PPO and PPO oxidized to catechol-
adjacent-benzene-two-quinone. The reaction mechanism of PPO biosensor is as follows: under aerobic
conditions, substrate phenol was amenable to ortho hydroxylation reaction of catechol in the presence
of PPO, and then the adjacent benzene two quinone in catalytic role of PPO was further oxidized[11].
It is reported the carrier materials for immobilized enzyme were diverse, such as graphite[12], Al,Os
sol-gel film[13], inorganic nano-materials[14], inorganic clay[15], organic polymers[16], and carbon
nanotubes[17]. Our previous study had introduced this biopolymer to the surface of clay modified
biosensor and obtained dramatically enhanced activity and perfect stability of PPO when it was
immobilized in a laponite / chitosan nanocomposite matrix[15]. In recent years, as a class of two-
dimensional nanostructured anionic clays, inorganic layered double hydroxides (LDHs) have been
widely used in catalysis, separation science, drug delivery, and many other environmental-related
fields. Owing to the intrinsically, excellent properties, LDHs have been demonstrated as a promising
enzyme immobilization matrix[18, 19].

The latest two decades have witnessed growing attention to carbon nanotubes (CNTSs), since it
was discovered in 1991 by lijima[20]. Owing to the nanometric size, higher electrical conductivity,
strong adsorptive ability, good mechanical strength, excellent biocompatibility, minimization of
surface fouling, and good electrocatalytic properties, CNTs have been widely used in the biosensor
fields[21-23]. In particular, single-walled carbon nanotubes (SWNTSs) modified biosensor could
achieve strong response even at low potential, which demonstrated the excellent electrocatalytic
activity of SWNTs and SWNTs based biosensor could exhibit excellent performance such as a wide
linear range and fast response time[24]. The advantages of SWNTs including high electrical
conductivity, large surface area, and easy electron transfer enables SWNTs to be suitable for the
preparation of biosensor.

This article described the preparation of phenol biosensors using single-walled carbon
nanotubes and hybrid hydrotalcite-like materials as the immobilized enzyme material. With the
addition of some carboxylated SWNTSs in simple inorganic clay LDHSs, a quantity of inorganic hybrid
materials were formed, which not only combined the superiorities of LDHs and SWNTSs, but also
improved the electron transport ability of the biosensor and maintained its stability.
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2. EXPERIMENTAL SECTION

2.1 Materials and methods

Polyphenol oxidase (PPO) (EC 1.14.18.1) from mushroom (807 U mg-1) was purchased from
Amresco. Layered double hydroxides (LDHs) was synthesized by coprecipitation method developed
by De Roy et al [25]. Single-walled carbon nanotubes (SWNTs, 1-2 nm diameter) were purchased
from Aldrich Chemical Co. Preparation of all other reagents is similar to the literature[15].

2.2 Apparatus.

All electrochemical studies were performed on a CHI 660a electrochemical workstation
(Shanghai Chenhua Instruments, China) with a conventional three-electrode system using a glassy
carbon electrode as the working electrode, a Pt foil electrode as the counter electrode, and a saturated
calomel electrode (SCE) as the reference electrode. A glassy carbon electrode (3 mm in diameter) was
carefully polished with 0.05 um alumina particles on silk and rinsed thoroughly with distilled water,
followed by drying in air before use. All measurements were carried out in a thermostated cell
containing PBS at 25 °C. The apparatus used for determining the current response was a PC-1 precise
potentiostat. Fourier transform infrared (FT-IR) spectra of the samples were measured on a pressed
pellet with KBr, employing a Tensor 27 spectrometer (Bruker, Germany). The surface morphology of
biofilm was observed by the scanning electron microscopy (SEM-FES, S-4800, Hitachi, Japan).
Electrochemical impedance spectra (EIS) measurements were conducted using an Autolab/PG-
STAT30 (Eco Chemie, Netherlands) with a three-electrode system[15]. Enzyme electrode was
fabricated experimental instrument for KQ 300 type VDE dual frequency NC Ultrasonic (Kunshan
ultrasonic instruments Co., Ltd.), 90 magnetic stirrer (Shanghai Luxi Analytical Instrument Factory
Co., Ltd.), adjustable micropipette (Shanghai Power Equipment Co., Ltd), and pH211 pH (Shanghai
Precision Instrument Co., Ltd.).

2.3 Carboxylation of SWNTs

According to the literature [26-27], SWCNTSs were taken to carboxylation so as to introduce
negative charges on its surface. A certain amount of concentrated nitric acid was added into a weighed
amount of the SWCNTs, and subsequently heated to 110 °C under refluxing for 3h. After cooled down
to room temperature, the mixture was washed with de-ionised water repeatedly. Finally, the resulting
precipitates was filtered and dried for used under ambient conditions. And carboxylated SWNTs was
obtained.

2.4 Preparation of Phenol Biosensor

Carboxylated SWNTs was uniformly dispersed tetrahydrofuran (THF) to produced an aqueous
solution of 0.5 mg mL™ through mechanical ultrasonication. Laponite suspension (2 mg mL™) was
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prepared twice in distilled water removing carbon dioxide, and stirred overnight. The de-ionised water
was used to prepare the appropriate amount of polyphenol oxidase (PPO) solution (4 mg mL™).

A certain amount of LDHs and SWNTs suspension (25.7:1) hybrid was processed with
ultrasound after a certain time, and enzyme solution was added into the quantitative mixing. The
aqueous mixtures of different proportions(for example, containing 13.1 pg LDHs, 0.5 pg SWNTs, and
13.6 ug PPO) was cast on the surface of the glassy carbon electrode and allowed to dry naturally. The
resulting electrode was placed in saturated glutaraldehyde vapor at room temperature for 15 minutes in
order to induce the chemical cross-linking of the entrapped enzyme molecules. Before use, the enzyme
electrode was rinsed under stirring for 20 minutes with buffer solution. Biological electrode was stored
at 4 °C in a refrigerator when dried.

3. RESULTS AND DISCUSSION

3.1 FT-IR spectra of Phenol biosensors

FT-IR spectroscopy, which could provide some useful information on the structure and
conformation of the polyphenol oxidase and hybrid materials, were employed to investigate the
existing state. We used infrared spectroscopy to study the interactions between the polyphenol oxidase
and hybrid materials. The FT-IR spectra of LDHs / SWNTs (a), pure PPO (b), and LDHs / SWNTs /
PPO (c) were shown in Figure 1. The stretching vibrations of various chemical bonds is similar to the
literature[15]. Therefore, the LDHs / SWNTs hybrid materials with immobilized enzyme were in favor
of maintain the maximum enzyme activity.
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Figure 1. FT-IR spectra of (a) pure PPO, (b) LDHs / SWNTs, and (c) LDHs / SWNTs / PPO

3.2 Morphology of the composite films

The surface morphologies of the membranes were observed via SEM. The images a, b, c and d
in Figure 2 exhibited the typical morphologies of pure LDHs, pure SWNTs, LDHs / SWNTs, and
LDHs / SWNTs / PPO membranes, respectively. The image a showed loose lamellar and hexagon
structures of pure LDHs. The morphology b displayed tubular shape of the pure SWNTSs, irregular
arrangement of the electrode surface. Graph ¢ was the morphology of LDHs and SWNTs hybrid
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material, implying that the hybrid material of SWNTs and LDHs had been intimately mixed together.
Graph d was the morphology of LDHs / SWNTs / PPO hybrid membranes. It could be seen in the
figure that the enzyme had been successfully embedded in hybrid materials, showing the enzyme like
dense sponge deposition in the composite layer space and interaction. Thus the polyphenol oxidase
was effectively immobilized onto the LDHs / Laponite composites. The composite membrane could
provide a three dimensional structure as the carrier, thereby the enzyme could be tightly embedded in
the carrier, which effectively prevented the leakage of enzyme molecules from the film at the same
time, and enhanced the charge transfers between the membrane and electrode interface. This was a
very important factor in design of high sensitivity of the sensor device.

Figure 2. SEM images of LDHs (a), SWNTs (B), LDHs / SWNTs (25.7:1, w/w) (C) and PPO / LDHs
/ SWNTSs (26.7:25.7:1, w/w/w) (D) films

3.3 Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance method was designed to further study the performance of
LDHs / SWNTs / PPO biosensor. As a powerful tool for studying the interface properties of surface-
modified electrodes, electrochemical impedance spectroscopy (EIS) could be used to structure the
electrode system and research on the electrode interface process mechanism, studying on mechanical
process and interface process and quantitative. Therefore this experiment was to use the definition of
AC impedance of the modified electrode surface. The charge transfer resistance (Rct) of the electrode
surface was an important parameter for describing the interfacial properties of the electrode.
Figure 3 displayed the Nyquist plots of the impedance spectroscopy of bare GCE (a), SWNTSs
(b), LDHs (c), LDHs / SWNTs (d), and LDHs / SWNTs / PPO (e). EIS includes a semicircular part
and a linear part. The semicircular part is caused by the charge transfers between and the diameter is
equivalent to the Rct, while the linear part is caused by the diffusion of warburg. The Rct of bare GCE,
SWNTs, LDHs, LDHs / SWNTSs, and LDHs / SWNTs / PPO were 484 Q, 419 Q, 5646 Q, 3872 Q, and
20980 Q, respectively. The increase in Rct Indicated that the macromolecular structure of PPO might
be propitious to the electron-transfer and Was successfully fixed[15].
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Figure 3. Nyquist plots of EIS for GCE (a), SWNTs (b), LDHSs (c), LDHs / SWNTs (d), and LDHs /
SWNTs / PPO (e) films in [Fe(CN)6]*"™*.

3.4 Permeability of LDHs / SWNTs / PPO electrodes

The permeability of biofilm electrode surface was closely related to the performance of phenol
biosensors [28-30]. Therefore the permeability of LDHs / SWNTs / PPO biological membrane was
investigated by rotating disk electrode voltammetry. Experiments were performed using 2mM
hydroguinone. Figure 4 manifested the curves of LDHs / SWNTs / PPO biofilm electrode by linear
voltammetry under the different rotational speeds at the scan rate of 10 mV s™. Also, the limiting
current (ilim) of LDHs / SWNTs / PPO biofilm electrode enhanced with the increase of the speed.
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Figure 4. Rotating-disk electrode voltammograms of LDHs / SWNTs / PPO coated on GCE (d = 5
mm) in the presence of 2 mM hydroquinone in 0.05 M PBS (pH 6.0): (a) 200, (b) 400, (c) 600,
(d) 800, (e) 1000, and (f)1200 rpm/min. Scan rate at 10 mV s™

According to the relationship between 1/ijim and 1/ o of Koutecky-Levich formula [31-32],
the bare electrodes, LDHs / SWNTSs, and LDHs / SWNTs / PPO electrode were studied. Figure 6
displayed the diagram of these three different electrodes at different speeds. Three curves of the three
electrodes in the same condition showed the linear relation like approximate parallel lines with similar
slope. The permeability (Pm) value of the LDHs / SWNTs membrane was 1.84 x10 cm s, implying
that the film had good permeability and good mass transfer and electronic switching function. When
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adding the polyphenol oxidase (PPO), the permeability (Pm=1.38 x 10 cm s) decreased since the
large molecular structure of PPO hindered the electron transfer.

Figure 5. Koutecky-Levich plots for (a) an uncoated electrode, (b) GCE coated with LDHs / SWNTs
and (c) GCE coated with PPO / LDHs / SWNTSs

3.5 Optimization of the biosensor construction

3.5.1 Effect of weight ratio of LDH / SWNTs on the performance of biosensors.

The composition of LDHs / SWNTs / PPO hybrid materials and responses of the biosensor
were studied with catechol as target compounds. The biosensor response of the pure LDHs film (3722
mA M™ cm?) was smaller than that of LDHs / SWNTSs film (4013 mA M™ cm™). The influence of
different weight ratios of LDHs / SWNTs (15:1~40:1, constant amount of PPO (13.6 pg)) on the
biosensor response to 10 uM catechol was examined. Figure 6 showed the current response on LDHs /
SWNTs / PPO electrode to 10 uM catechol with different weight ratios of LDHs / SWNTs. The
optimal weight ratio of LDHs / SWNTs was found to be 25.7:1. This was possibly due to that the
biocatalytic activity of PPO was reduced when LDHs and SWNTs weight ratio exceeded a certain
proportion. Therefore, the optimal weight ratio of LDHs / SWNTs (25.7:1) was chosen for further
experiments.
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Figure 6. The effect of weight ratio of LDHs / SWNTs at a constant PPO (13.6 ug) on the biosensor
response to 10 uM catechol. (Eapp=-0.20 V, in 0.1 M PBS at pH 6.0, at 25 °C)
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3.5.2 Effect of the thickness of LDH / SWNTSs on the performance of biosensors.

Figure 7 showed the influence of film thickness to the biosensor response. If the film thickness
increasing, the amount of active PPO and an electrode response increased. However, a thick film

might hindered the electron transfer in the diffusion barrier. Therefore, this configuration with 13.6 pg
PPO was chosen for further experiments.
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Figure 7. Influence of film thickness to the biosensor response (in 0.1 M PBS at pH 6.0, at 25 °C,
Eapp =-0.2 V) at a constant LDHs / SWNTs / PPO (w/wi/w, 3:1:4) ratio

3.5.3 Effect of pH value of the buffer solution on the performance of biosensors.

Biologically active enzyme is very sensitive to pH. Figure 8 showed that the biosensor response
increased upon increase of pH to reach maxima at pH 6.0, and then decreased upon further increase of

pH to 7.5. The phenomenon is similar to the literature[15]. Therefore, the optimized pH at 6.0 was
selected as an experimental variable of enzyme biosensor.
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Figure 8. Influence of pH on the biosensor response to 10 uM catechol.
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3.5.4 Effect of the operating potential on the response currents of the LDHs / SWNTs / PPO
biosensors.

Figure 9 displayed the effect of the operating potential on the response currents of the LDHs /
SWNTSs / PPO sensor. In the range between -0.30 and 0.00 V, the maximum response was obtained at
-0.2 V. Howere, when the operating potential was larger than -0.2 V, the current response of the
biosensor decreased. Moreover, low operating potential could minimize interferences from
electroactive species. Therefore, the operating potential of -0.2V was selected for further experiments.
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Figure 9. The effect of operating potential on the biosensor response to 10 uM catechol. (Eapp=-0.2 V,
in 0.1M PBS at pH 6.0, at 25C )

3.5.5 Effect of temperature on the performance of biosensors

The thermal stability of the bioelectrode was also studied in figure 10. Before amperometric
detection, the LDHs / SWNTs / PPO biosensors were immersed into the buffer solution at different
temperatures for 20 min. In the range between 5°C and 40°C, the maximum response was obtained at
30°C. This was probably in agreement with the active temperature of OPP enzyme, At the higher
temperatures, the OPP enzyme was denatured. In order to obtain the stability of the biosensor at
normal temperature, the operating temperature of 25°C was selected for further experiments.
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Figure 10. The effect of temperature on the biosensor response in 0.1 M PBS containing 10 uM
catechol with pH 6.0, at 25°C; Eapp =-0.2 V.
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According to the Arrhenius equation ( i(T) = ipexp(-Ea/RT)) [33], the relationship of In i versus
T in the temperature range of 5-30°C, based on the data, was a straight line, which was displayed in
Figure 11. The apparent activationenergy (Ea) of the biosensor reaction, calculated from the slope of
the straight line, was 34.8 kJ mol™, which was similar to value of other biosensor immobilized
polyphenol oxidase. This indicated that LDHs / SWNTs carrier could provide a good
microenvironment for PPO.
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Figure 11. The relationship between Ini and T™ data

The LDHs / SWNTs / PPO biosensor response current was measured by the amperometric
experiments. Figure 12 showed the current response of the LDHs / SWNTs / PPO biosensor for
detection of catechol concentration calibration curve under the optimal conditions. The linear range
spanned the concentration of catechol from 4.34x10® to 0.0107 mM with a correlation coefficient of
0.998. The detection limit was 43 nM (S/N =3). Its sensitivity was 4944 mA M cm™. However, the
sensitivity obtained with the LDHs / PPO electrode (3722 mA M™ cm™) remained inferior. The
apparent Michaelis—Menten constant (Ky*") was evaluated from the electrochemical Lineweaver—
Burk plot analysis of the catechol calibration curve (Fig. 12) [15]. Compared with pure LDHs or
SWNTs materials, the LDHs / SWNTSs hybrid materials have good microenvironment of OPP enzyme,
and the LDHs / SWNTs / OPP biosensor has high sensitivity for detection of catechol concentration.

Current (pA)
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Figure 12. Straight-line showed the linear range of the response (0.1 M PBS, pH=6.0, Eapp=-0.2 V).
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There got a straight line through the 1™ to [catechol]* mapping (Figure 13). The Ky*® value of
immobilized PPO was 0.023 mM according to the slope and intercept. The Ky®® value was lower than
that found for the free enzyme insolution (0.28 mM) [34]. The LDHs / SWNTs hybrid materials was
found to be good immobilization materials of OPP enzyme form the smaller Ky*" value, and the
LDHs / SWNTs / OPP biosensor has possessed high enzymatic activity to catechol.
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Figure 13. The determination of the apparent Michaelis-Menten constant k'm for the LDHs / SWNTs /
PPO electrode

3.7 Reproducibility and lifetime of the LDHs / SWNTs / PPO biosensors

The reproducibility of the analytical response obtained from five different electrodes
constructed by the same procedure was also tested independently. The results indicated that the
relative standard deviation (RSD) value for all five electrodes was 4.8 %. The operational stability of
the LDHs / SWNTSs / PPO biosensors was investigated by successive measurements of its response to
10 uM catechol. Figure 14 showed the LDHs / SWNTs / PPO biosensor response current changed with
the growth of time. The LDHs / SWNTSs / PPO biosensor retained about 53 % of its original response
after 30 days, which indicated that the LDHs / SWNTs hybrid material modified electrode, could
maintain the activity of polyphenol oxidase.
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Figure 14. Storage stability for LDHs / SWNTs / PPO bioelectrode testing in 0.1M PBS at pH 6.0, at
25°C, Eapp=-0.2 V.



Int. J. Electrochem. Sci., Vol. 11, 2016 788

The superior stability of the LDHs / SWNTs / PPO biosensor could be attributed to the good
adhesion, the high mechanical strength, and the biocompatible environment of the LDHs / SWNTSs
hybrid material.

3.8 Response characteristics of the biosensor to various phenolic compounds

Various phenolic compounds were determined by the LDHs / SWNTSs / PPO biosensors. Figure
15 showed the calibration curves of five kinds of phenolic compounds concentration. When the
substrate concentration was low, the current linearly increased with the increase of substrate
concentration. However, at a high concentration of the substrate, the current increased gradually and
flatted with the increase of substrate concentration.
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Figure 15. Calibration curves of LDHs / SWNTSs / PPO electrode for catechol (a), phenol (b), m-cresol
(c), and parachlorophenol (d) in 0.1M PBS (pH 6.0) at 25°C; Eapp =-0.20 V.

The response characteristics of the LDHs / SWNTs / PPO biosensor were studied for five kinds
of phenolic compounds. Relevant data were summarized in Table 1. The sensitivity of five kinds of
phenolic compounds increased in the following sequence: p-chlorophenol < phenol < m-cresol < p-
cresol < catechol. The difference sensitivity of these phenolic compounds might be determined by the
characteristics of the immobilization matrix and the hydrophobicity of the molecular space steric
hindrance[35]. The Ky*" values, 0.0019, 0.0025, 0.0065, 0.012, and 0.023 mM, stated the information
on the enzyme-substrate kinetics for the enzyme electrodes, m-cresol, p-cresol, phenol, p-chlorophenol,
and catechol, respectively.

Detecting phenol as an example, the linear range and detection limit (see Table 2) were
compared with the results of the literature, and the detection limit was approximate or slightly lower.
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Table 1. The response characteristics of the LDHs / SWNTs / PPO bioelectrode to phenolic

compounds
Phenolic Linear range Sensitivity Detection limit Kn®P
compound (M) (mA M*cm?) (nM) (mM)
phenol 7.95x107-3.08x10° 1532 7.95 0.0065
catechol 4.34x10%-1.07x107 4944 43 0.023
p-cresol 3.98x10-1.17x10° 4827 3.98 0.0025
m-cresol 2.18x108-1.07x10°® 3475 3.98 0.0019
p-chlorophenol  1.55x107-1.06x10" 115.46 155 0.012

Table 2. Comparison of liner range and detection limit for phenol at different electrodes

Type of electrodes Linear ranges Detection limit
(M) (nM)
GCE/MCN/Tyr biosensor[36] 5.00x10 %-9.50x10°° 15.00
Tyr/Al,03/Sonogel-Carbon electrode [37] 5x107-3x10 300
GCE/PVF/Ppy/HRP[38] 0.5x10°-1x10" 23
GCE/ Nano-ZnO /Tyr biosensor[39] 1.5x107-6.5x10 50
GCE/LDHs/SWNTs/PPO biosensors 7.95x10°-3.08x10 7.95

4. CONCLUSIONS

Response characteristics of the LDHs / SWNTs / PPO biosensor to various phenolic
compounds were studied. Research results showed that the novel LDHs / SWNTs hybrid material can
not only be used to fixed PPO very good, but also to maintain the catalytic activity of the enzyme. This
might be attributed to the LDHs / SWNTs hybrid materials providing a very perfect network like
structure for the effective immobilization of PPO, but also with the adhesive ability, biocompatibility,
and mechanical strength. The phenol biosensor not only showed high sensitivity, good reproducibility
and good long-term stability, but also counld be determined for many kinds of phenol. It is expected
that this LDHs / SWNTSs hybrid materials could be widely applied to other biological sensors so as to
improve the performance of biosensor.
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