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Abstract

A novel tyrosinase biosensor has been developed for a subpicomolar detection of phenols, which is based on the immobilization of

tyrosinase in a positively charged chitosan film on a glassy carbon electrode. It was found that chitosan cross-linked with (3-

aminooryloxypropyl) dimethoxymethylsilane is beneficial for the immobilization of tyrosinase. The large microscopic surface area and

porous morphology of chitosan matrix lead to high enzyme loading, and the enzyme entrapped in this matrix can retain its bioactivity and the

positively charged surface of chitosan can also display a good anti-interference ability to the substances with positive charge. Hence, the

resulting sensor offers a high-sensitivity (150 nA�nM� 1) for the monitoring of phenols, and the detection limit is as low as 5.0� 10� 11 M.

Its response time is less than 2 s reaching 95% of the steady-state value. It may retain 75% of the activity for at least 70 days. D 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Phenols are present in the wastewaters of large number

of industries including coal conversion, petroleum refining,

resins and plastics, wood preservation, dyes, chemicals and

textiles [1]. Calorimeter and ultraviolet spectrophotometric

analyses are commonly used for the determination of phe-

nols as standard methods [2,3]. However, these procedures

usually require time-costing, complicated sample pretreat-

ment, low sensitivity. The electroanalytical techniques ap-

plied for direct determination of these compounds suffer a

number of these drawbacks due to the high overvoltage.

Tyrosinase, known as polyphenol oxidase that is widely

distributed in bacteria, fruits, vegetables and seafood prod-

ucts can catalyze the oxidation of phenols with the aids of

molecular oxygen as an oxidant. Tyrosinase contains two

binuclear copper-containing active sites, which present at

least two distinct binding sites, one of which has an affinity

to aromatic compounds (substrate site) and the other an

affinity for a metal binding agent (oxygen site). It catalyzes

two distinct oxidation reactions as shown in Fig. 1. In cycle

1, tyrosinase accomplishes the oxidation of monophenols

by oxygen as it passes through four enzyme states (Edeoxy,

Eoxy, Eoxy-M and Emet-D). In cycle 2, o-diphenols are

oxidized as the enzyme passes through five enzyme states

(Edeoxy, Eoxy, Eoxy-D, Emet and Emet-D). The two cycles lead

to the formation of o-quinones, which spontaneously react

with each other to form oligomers [4]. So most of the

biosensors are based on the detection of electroreduction

quinone products of enzyme reaction at low potential [5–

8]. A more sensitive electrode response is obtained when o-

quinone is reduced via a catalytically active redox polymer

[9] or suitable redox mediators according to the simplified

Fig. 1 [10].

To retain the enzyme’s specific biological function, their

immobilization on solid matrix is a key factor in preparing

biosensors. That is, the structure and thickness of materials

used to immobilize enzyme should not induce a severe de-

crease of enzyme functionality.

In this paper, we initiate a systematic exploration of a

natural polymer, chitosan, as a structural material for de-

signing functional layers on carbon electrode surfaces.

Chitosan is an N-deacetylated derivative of chitin, a natural
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occurring biopolymer found in the exoskeleton of crusta-

ceans, in fungal cell wall, and in other biology materials

[11]. Chitosan was selected here because of its unusual

combination of property [12], which includes excellent

membrane-forming ability, high permeability towards

water, good adhesion, biocompatibility, nontoxicity, high

mechanical strength and susceptibility to chemical modifi-

cation due to the presence of reactive amino and hydroxyl

functional group. Hexacyanoferrate (II) (Fe(CN)6
4� ) is

chosen as an electron mediator because of its effective

electron transferability [13]. Furthermore, this negatively

charged mediator is expected to be firmly immobilized on

the positively charged chitosan film through electrostatic

interaction [14]. This design simplifies the fabrication

procedure to obtain a highly sensitive (150 nA�nM� 1)

tyrosinase biosensor. The detection limit is 0.05 nM at

signal-to-noise ratio of 3, the response time is less than 2 s

reaching 95% of the steady-state value, and 75% of the

activity is retained after 70 days.

2. Experimental

2.1. Reagents

Mushroom tyrosinase (from mushroom, EC 1.14.18.1),

noted activity of ca. 4800 units/mg of solid (catalog T-

7755), was purchase from Sigma (St. Louis, MO). Chitosan

(MW 1.9–3.1�105; 92.5% deacetylation) was purchased

from Nantong Shuanglin Co. Phenols, catechol, hydroqui-

none, p-nitrophenol and other chemicals were analytical

grade and were used without further purification. Buffer

solutions used in experiments were prepared with doubly

distilled water.

2.2. Apparatus and measurements

Electrochemical measurements were done in a conven-

tional three-electrode cell equipped with a platinum wire

counter electrode, a saturated calomel reference electrode

(SCE); all the potentials are reported vs. SCE, and a chitosan

tyrosinase sensor as working electrode. Voltammetric meas-

urements were carried out with the CHI660 electrochemical

station (CH Instruments, USA). A magnetic stirrer provides

the convective transport. All amperometric experiments were

recorded at 25.0F 0.1 �C.
Fourier transform infrared (FT-IR) spectra by KBr pellets

containing the chitosan films or chitosan/tyrosinase were

obtained in the range of 4000–500 cm � 1 on an Avatar 400

FT-IR spectrometer (Nicolet Instrument) at room temper-

ature. The process of making films will be detailed below.

UV–visible absorption spectra were obtained with Shi-

mazu UV-2400 spectrometer (Shimazu, Japan) at room

temperature. The AFM experiments were carried out at

room temperature using digital instrument nanoscope III

(UAS) with a contact head and a 5f mm scanner. Silicon

nitrogen (Si3N4) cantilevers with nominal spring constant of

0.05 N m� 1 and nominal resonance frequency in air of 22

kHz were used for contact mode in air; scan rates ranged 1–

2 Hz in air.

2.3. Construction of tyrosinase biosensor

A 1.0-wt.% chitosan solution was prepared by dissolving

chitosan flake in hot 0.05 mol�l � 1 acetic acid (HAc). The

solution was cooled to room temperature and filtered using a

0.45-mm syringe filter unit. This chitosan solution was

cross-linked with 0.3-g (3-aoryloxypropyl) dimethoxyme-

thylsilane for about 20 h.

A glassy carbon electrode (GCE, 3-mm diameter, Jiangsu

Electroanalytical Instruments Factory, Jiangsu, China) was

used as the base electrode for the preparation of the chitosan/

tyrosinase biosensor. The GCE was polished with 1700

diamond paper, followed by 0.3, 0.2 mm alumina particles

on chamois leather, rinsed thoroughly with doubly distilled

water between each polishing step, then washed successively

with 1:1 nitric acid, alcohol and doubly distilled water in an

ultrasonic bath, and dried in air before use.

The surface of the electrode was first coated with

chitosan-Fe(CN)6
4� by pipetting 10 ml of stock standard

CHIT solution containing 50 mM Fe(CN)6
4�. After drying

under ambient temperature for 1 h, a thin film of CHIT–

Fe(CN)6
4� was formed at the electrode surface. The im-

mobilization of tyrosinase in the CHIT matrix was accom-

plished by the addition of 10 ml of 0.1 mg/ml tyrosinase to

10 ml of stock standard CHIT solution. With a micropipette,

aliquots (10 ml) of such a colloid were deposited on the top

Fig. 1. Catalytic cycles for the: (1) hydroxylation of monophenols and (2)

dehydrogenation of o-diphenols to o-quinones by tyrosinase. M=mono-

phenol and D= diphenol.
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of the CHIT–Fe(CN)6
4� surface and allowed to dry for 1

day under ambient conditions for the solidification. The

enzyme electrodes were thoroughly rinsed with doubly

distilled water and equilibrated in stirred pH 7.4 phosphate

buffer solution for at least 2 min to allow the background

current to diminish to a steady value. When not in use, the

enzyme electrodes were stored in air at 4 �C.

3. Results and discussion

3.1. Morphologies of CHIT, CHIT–Fe(CN)6
4� and CHIT–

Fe(CN)6
4–tyrosinase films

The physical morphology of the CHIT matrix may

effect on the performance of the enzyme electrode. The

morphologies of CHIT, CHIT–Fe(CN)6
4�, and CHIT–

Fe(CN)6
4–tyrosinase films were characterized by atomic

force microscopy (AFM). A typical AFM picture of the

CHIT membrane displays a three-dimensional porous net-

work (Fig. 2a). This uniform porous structure provided a

significantly enhanced enzyme loading of the enzyme

electrodes. When Fe(CN)6
4 � was immobilized in the

CHIT matrix, many smaller particles appeared, which were

Fe(CN)6
4 � domains (Fig. 2b). The aggregation of the

intercalative molecules distributes regularly and has island

structures. When tyrosinase was entrapped on the CHIT–

Fe(CN)6
4� film, more denser dot-shaped particles were

distributed uniformly on the surface (Fig. 2c).

3.2. Intermolecular interaction between CHIT and

Fe(CN)6
4�

Due to the positive charge of the CHIT and the strong

adsorptive properties, it would strongly interact with the

negatively charged Fe(CN)6
4� by electrostatic interaction

Fig. 3. UV–visible absorption spectra of Fe(CN)6
4� dissolved in (1)

water; (2) in CHIT (24 h); (3) in CHIT 48 h; and (4) in CHIT 96 h.

Fig. 2. Atomic force micrography of the thin films of (a) CHIT; (b) CHIT

doped with Fe(CN)6
4� ; (c) CHIT doped with Fe(CN)6

4� and tyrosinase.
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resulting in the immobilization of Fe(CN)6
4�. The interac-

tions between CHIT and Fe(CN)6
4� were investigated by

employing UV–visible absorption spectra. Fig. 3 shows the

difference between the visible absorption spectrum of

Fe(CN)6
4� dissolved in water and dissolved in CHIT

solution. The adsorption band of Fe(CN)6
4� dissolved in

water was observed at 450 nm, and the strength did not

change during storage. When the Fe(CN)6
4� dissolved in

CHIT solution, its absorption band shifted to 410 nm and the

intensity became stronger with the increasing storage time.

The results showed that Fe(CN)6
4� was interacted with

CHIT and it could be incorporated in the CHIT films and

made it more stable.

3.3. Intermolecular interaction between CHIT and tyrosi-

nase

The interactions between CHIT and tyrosinase were

studied by infrared spectra and UV–visible spectra. The

Fourier transform infrared spectra of CHIT (1) and tyrosi-

nase/CHIT (2) are shown in Fig. 4a. The adsorption band at

1075 cm � 1 of CHIT is the characteristics of frame sym-

metric and asymmetric flexible vibrations. When tyrosinase

was immobilized on the CHIT, there were some differences

between the IR spectra of CHIT and tyrosinase/CHIT. The

adsorption band at 1197 cm � 1 disappeared and the band at

1618 cm� 1 shifted to 1659 cm � 1 in the IR adsorption of

Fig. 4. FT-IR (a) and UV–visible (b) spectra of CHIT and tyrosinase/CHIT.
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tyrosinase/CHIT. There were also changes in both the NH

stretching and NH bending regions of IR spectra. In the NH

stretching region (3200–3500 cm � 1), primary amines have

two typical bands while secondary amines have a single

band. And there was a small decrease in 3414 cm � 1 after

the interaction which was consistent with the conversion of

some primary amino groups of chitosan. These results

showed that there were the molecular interactions between

tyrosinase and some specific site of the CHIT and appa-

rently the CHIT was a good immobilization matrix for

enzymes. Fig. 4b showed that the UV–visible absorbance

of the film was increased substantially when a CHIT film

reacted with tyrosinase. The broad peak at 275 nm for the

‘‘reacted CHIT film’’ suggested that the tyrosinase was

covalently grafted to the CHIT film [15].

3.4. Amperometric response of tyrosinase biosensor

3.4.1. The dependence of the current response of tyrosinase

biosensor on working potential and pH

The various experimental parameters, which can affect

the amperometric determination of phenol, are optimized.

The effect of applied potential on the amperometric signal

and background current of the sensor was tested in the range

between 0.10 and � 0.30 V. As can be seen in Fig. 5, an

optimum ratio of signal-to-background current was obtained

at � 0.20 V. Using working potentials negative than � 0.20

V, a higher signal current is obtained, but the background

current also increases distinctly. Therefore, the working

potential of � 0.20 V was selected for further studies. The

effect of pH was also studied at different pH values in 0.025

M phosphate buffer (Fig. 6) at working potential � 0.20 V.

Both currents of phenol and background decreased as the

pH changed from 3.0 to 6.5, and the current of phenol

increased from pH 6.4 to 7.4 while the current of back-

ground still decreased. This is accordance with the Ref. [9]

and indicates that immobilization of enzyme does not dras-

tically alter its pH response characteristics. The largest cur-

rent difference between phenol and background was found

Fig. 6. Effect of pH of the buffer solution on the response of tyrosinase

biosensor to 1.0� 10� 6 M phenol in 0.025 M phosphate buffer. Working

potential � 0.20 V (vs. SCE), temperature 25.0F 0.1 �C.

Fig. 7. Hydrodynamic response of the tyrosinase biosensor for phenol in

air-saturated PBS upon the following concentration: A!B, in 1�10� 10

M steps; B!C, in 2� 10� 10 M steps; C!D, in 1�10� 9 M steps;

D!E, in 2� 10� 9 M steps. Inset: the calibration curve of phenol.

Table 1

Relative activity of the sensor for various phenolic compounds

Compound Relative

electrochemical

activity (%)

Compound Relative

electrochemical

activity (%)

Phenol 100 p-nitrophenol 0.0

Catechol 184.5 Dopamine 130.5

Hydroquinone 2.4 phloroglucin 19.9

The concentration of the detected compound was 1 mM. working potential

� 0.20 V (vs. S.C.E.). The current response of the enzyme electrode to

phenol is taken as 100%.

Fig. 5. Effect of working potential on the response current of the enzyme

electrode in air-saturated 0.025 M phosphate buffer solution (pH 7.4) with

stirring at 25.0F 0.1 �C with (a) and without (b) 1.0� 10� 6 M phenol

solution.
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at pH 7.4. Therefore, pH 7.4 was chosen for all subsequent

studies.

3.4.2. Hydrodynamic response of phenol at the tyrosinase

biosensor

Fig. 7 displays a typical current–time response using

the enzyme electrode under the optimal experimental con-

ditions after the addition of successive aliquots of phenol to

the phosphate buffer solution under stirring. A well-defined

reduction current proportional to the phenol concentration

has been observed. The response to phenol is linear

(r = 0.9993) in the range from 1.0� 10� 10 to 2.3� 10� 8

M. The limit of detection is 5.0� 10� 11 M (corresponding

to 5.0� 10� 13 mol) at a signal-to-noise ratio of 3. The

reproducibility of the response of the enzyme electrode was

investigated at a phenol concentration of 1.5� 10� 8 M; the

mean current was 0.638 mAwith a relative standard deviation

of 1.9%. For a series of 10 sensors prepared according to the

same procedure, a relative standard deviation of 4.9% was

obtained for the same phenol solution. These good results

may be attributed to the uniform structure of CHIT matrix

formed. The responses for phenol-derivative compounds ob-

tained at � 0.20 V were also investigated; the same results

have been obtained of catechol, hydroquinone, and p-nitro-

phenol (shown in Table 1).

3.5. Interference studies

When the concentration of phenol was 1 mM, the inter-

ference effects were investigated by testing the response of

the enzyme electrode to 50 times of cysteine, 2500 times of

glucose, 2500 times of acetaminophenol, 500 times of uric

acid, 500 times of ascorbic acid and 5000 times of hydrogen

peroxide. It was found that these substances did not cause

any observable interference in the determination of phenol

except ascorbic acid and hydrogen peroxide because ascor-

bic acid could reduce o-qiunone and hydrogen peroxide

could oxidize phenol.

3.6. Thermal and storage stability of the tyrosinase biosensor

The current response of this biosensor was measured in

the temperature range 15–75 �C (Fig. 8). The response

gradually increased and reached a maximum level at 35 �C
and then fell sharply when the temperature was higher than

45 �C, which indicated that the enzyme was denatured.

The sensors’ storage stability was examined by storing it

in a pH 7.4 PBS at 4 �C over 2 months, with intermittently

measuring the current response to phenol standard solution

every 2–3 days. The results showed that the activity of the

sensor reached a maximum after a few days, and then

reduced gradually. The catalytic current response could

maintain about 75% after storage for 70 days.
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