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Abstract

Two different approaches, both exploiting two enzymes cooperative functioning, to enhance the sensitivity of

tyrosinase (PPO) based biosensor for amperometric detection of phenols have been compared. For this purpose, one

monoenzyme electrode (PPO) and two bienzyme electrodes (PPO and D-glucose dehydrogenase, GDH; PPO and

horseradish peroxidase, HRP) were constructed using agar�/agar gel as enzyme immobilization matrix. The biosensors

responses for L-tyrosine detection were recorded at �/50 mV versus saturated calomel electrode (SCE). The highest

sensitivity (74 mA M�1) was observed for the PPO�/GDH couple, while that recorded for PPO�/HRP couple system

was only 32 times higher than that measured for monoenzyme electrode (0.01 mA M�1). The ability of the PPO-, PPO�/

GDH-, PPO�/HRP-based biosensors to assay phenols was demonstrated by quantitative determination of phenol, 1,2-

dihydroxybenzene, 1,3-dihydroxybenzene, 1,4-dihydroxybenzene, 2-amino-3 (4-hydroxyphenyl) propanoic acid, 2-

hydroxytoluene, 3-hydroxytoluene, 4-hydroxytoluene, 4-clorophenol, 3-clorophenol, 2-clorophenol, 4-hydroxybenzoic

acid.
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1. Introduction

Among of numerous phenols, especially chloro-,

nitro-, amino- phenols, present in environmental

field via degradation of pesticides [1�/5], chlorina-

tion and combustion of organic compounds [6] or

from waste water of coal [4�/10], oil processing

[11�/13], dyes [9,11,12], pharmaceutical [7,11,12],

photographic [5] a virgule cellulose [5,7,13], petro-

chemical [7,12] industries, approximately 165 are

known with a toxic effect on plants and animals

[14,15]. Nevertheless, nitro- and chloro- phenols

are inscribed on major pollutant list [3,4,15], and
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consequently, in order to minimize their hazardous
effects it is important to use sensitive and fast

techniques for detection and estimation levels.

Owing to their high selectivity electrochemical

biosensors constitute powerful tools for analysis of

biomolecular interactions, especially in the field of

medical care and biochemistry [16�/25]. More

recently, this approach has been extended to

environmental pollutants control [26�/30], where
their acceptance is growing steadily, as they

demonstrate the advantage of high selectivity

even in complex matrices. In addition, they have

the potential for becoming portable and easy-to-

use test devices. Limits of detection are not always

as low as with chromatographic techniques, but

for screening and field monitoring purpose elec-

trochemical and, particularly, amperometric tech-
niques are gaining more and more importance.

Several biosensors based on tyrosinase (PPO),

were elaborated for phenols detection [29�/31].

Since PPO catalyses the oxidation of phenol to

o -quinone by dioxygen, various kinds of electro-

chemical detection were involved in these biosen-

sors: (i) the detection of dioxygen consumption

[32�/34]; (ii) the direct reduction of the generated
o -quinone [35�/51]; (iii) the mediated reduction of

o -quinone by hexacyanoferrate (II) [52,53], tetra-

cyanoquinonedimethane [54], 1,2-naphtoquinone-

4-sulphonate [55,56] and N -methylphenazonium

[57].

For phenol amperometric biosensors working

via the electrochemical reduction of the quinone

product a partial substrate recycling was sug-
gested, inducing amplification on the biosensor

response [37,41,47�/50]. This ‘‘intrinsic’’ amplifica-

tion effect was supposed to be responsible for the

very low detection limits reported for phenol and

o -diphenols.

Recently, significant response amplification of

PPO-based biosensors has been reported involving

(i) a cyclic chemical reaction between the enzyme-
generated o -quinone and a deliberately added

reducing agent as ascorbate [58] or NADH [59],

and (ii) a cooperative functioning of PPO and

HRP [60].

In this context, we describe here a study aiming

to compare two approaches for response amplifi-

cation of the PPO based biosensor, applied for

amperometric detection of phenols. For this pur-
pose mono- and bienzyme electrodes were con-

structed using agar�/agar gel as enzyme

immobilization matrix. The biochemical ap-

proaches, consisting of two enzymes cooperative

functioning, have been investigated for PPO and

D-glucose dehydrogenase (GDH) couple (Fig. 1),

as well as for PPO and horseradish peroxidase

(HRP) couple (Fig. 2). Both bienzyme electrodes
were tested for L-tyrosine detection.

2. Experimental

2.1. Reagents

Tyrosinase from mushroom (EC 1.14.18.1; 385

Sigma, units mg�1), glucose dehydrogenase

(E.C.1.1.1.47; 250 Sigma, units mg�1) and horse-

radish peroxidase (EC.1.11.1.7; 250 Sigma, units
mg�1) were purchased from Sigma.

Phenol, L-tyrosine, KH2PO4, K2HPO4 and Li-

ClO4 were obtained from Merck and used as

received. The agar�/agar powder, 1,2-dihydroxy-

benzene, 1,3-dihydroxybenzene, 1,4-dihydroxy-

benzene, 2-amino-3 (4-hydroxyphenyl)

propanoic, 2-hydroxytoluene, 3-hydroxytoluene,

4-hydroxytoluene, 2-chlorophenol, 3-chlorophe-
nol, 4-chlorophenol, 4-hydroxybenzoic and acid

polyoxyethylenesorbitan monolaurate were ob-

tained from ‘‘Reactivul’’ Bucharest and were

used without any further purification.

Fig. 1. Schematic recycling of o -quinone between PPO and

GDH within a PPO�/GDH containing matrix used for phenol

amperometric detection.
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Electrochemical measurements were made using

as supporting electrolyte 0.1 M LiClO4 in 0.1 M

phosphate buffer (pH 6.5 and 7), obtained by

mixing the corresponding volumes of 0.1 M

KH2PO4 and 0.1 M K2HPO4.

2.2. Enzyme electrode preparation

The technique of enzyme entrapment in agar�/

agar gel [61,62] consisted in two steps:

i) 20 mg of agar�/agar powder was homogenized

with 0.9 ml of 0.1 M LiClO4 in 0.1 M

phosphate buffer (pH 7). The obtained mix-

ture was heated at 100 8C and, subsequently, it

was cooled at 50 8C. Then, 1 ml of enzyme/

enzymes solution was added. The concentra-

tion of each enzyme solution was 2.5 mg

ml�1, and for bienzyme bioelectrodes the

enzyme ratio was 1:1 (w/w). All enzyme

solutions were prepared by dissolving pure

enzyme in distilled water.

ii) The above-described mixture was deposited

on a dialysis membrane of 0.3 mm thickness.

The so obtained enzyme-modified membrane

was stored at 5 8C into phosphate buffer (pH

6. The enzyme-modified membrane was at-

tached to a Pt disc electrode (5 mm diameter)

and fixed with O ring.

2.3. Electrochemical measurements

All electrochemical measurements were per-

formed using a computer-assisted potentiostat

(Autolab-PGSTAT-10, Eco Chemie, Utrecht,

Netherlands), connected to a conventional electro-

chemical cell equipped with three electrodes. The

bioelectrode was the working electrode. In all

experiments a saturated calomel electrode (SCE)
was used as reference electrode and a Pt-foil as

counter electrode.

Amperometric measurements were done as fol-

lows: the bioelectrode was immersed in 10 ml of

testing solution (0.1 M phosphate buffer contain-

ing 0.1 M LiClO4) at room temperature and poised

at the desired value of applied potential. When the

recorded signal attained a stable value, a known
volume of standard solution of substrate (phenols

or L-tyrosine) was added, under a vigorous stir-

ring. Subsequently, the bioelectrode amperometric

response was recorded for 1�/2 min. Thus, the

calibration curve was constructed by mean of

successive additions of small volumes of standard

aqueous solution of substrate.

Before using, the bioelectrode was kept at 5 8C
in a humid atmosphere.

3. Results and discussions

3.1. Biosensors characterization

The effects of temperature (Fig. 3A), pH (Fig.

3B) and enzyme loading (Fig. 3C) on the biosen-
sors sensitivity have been investigated in order to

characterize the biosensors behavior and to define

the optimal experimental conditions. Generally,

the obtained results were found in good agreement

with similar reported data [61�/63]. Thus, the

temperature dependence of the biosensor response

(Fig. 3A) revealed that the optimum temperature

range was between 20 and 25 8C. For decreasing,
as much as possible, the enzyme thermal denatura-

tion, the working temperature of 21 8C was chosen

for all further investigations. Focusing on the pH

influence, the optimal pH range for PPO activity

was found placed between 5.5 and 7.5 (Fig. 3B).

As can be seen from Fig. 3C an enzyme loading

Fig. 2. Schematic amplification of the phenol response at

PPO�/HRP bienzyme bioelectrode.
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higher than 50% (w/w), was not productive.

Consequently, all further experiments were carried

out with bioelectrodes having this enzyme loading.

The ability of the PPO-, PPO�/GDH- and PPO�/

HRP-based biosensors to assay phenols was

demonstrated by quantitative determination of

various phenolic derivatives mentioned in Table 1.

In the temperature range from 15 to 50 8C, the

enzyme thermostability was evaluated at three

different polyoxyethylenesorbitan monolaurate

concentrations. The significant effect of the in-

vestigated stabilizer consists in strengthening of

the substrate binding at the enzyme active center at

higher temperatures. Consequently, the enzyme

activity remains unchanged till 50 8C (Fig. 4). A

correlation between stabilizer concentration and

the biosensor sensitivity, at a constant catechol

concentration, was noticed: increased biosensor

stability is related with higher stabilizer concentra-

tions. Thus, 0.1 M stabilizer kept the enzyme

activity unchanged till 50 8C, while 0.01 mM

stabilizer exerted no significant effect on the

enzyme thermal stability.

3.2. Bienzyme cooperative functioning

A comparison of the amperometric response to

L-tyrosine was done for monoenzyme PPO-based

bioelectrode and bienzyme bioelectrodes, based on

PPO�/GDH and PPO�/HRP enzyme couples. The
obtained results are presented in Fig. 5.

In all cases, in order to facilitate the compar-

ison, the enzyme matrix contained the same

amount of PPO, and the amperometric detection

was performed measuring the current intensity

corresponding to o-quinone reduction. As can be

Fig. 3. The dependence of the bioelectrodes (', PPO�/GDH; m, HRP�/PPO; j, PPO) response to phenol on temperature (A), pH

(B), and enzyme loading (C). Experimental conditions: applied potential, �/50 mV vs. SCE; supporting electrolyte, 0.1 M phosphate

buffer containing LiClO4 0.1 M (pH 6.5); substrate, phenol 0.1 mM. In the supporting electrolyte 1 mM H2O2 (for PPO�/HRP

bioelectrode) or 2 mM glucose (for PPO�/GDH bioelectrode) was added.
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seen (Fig. 5), the highest response was recorded for

the biosensor using the PPO�/GDH couple and the

lowest for the PPO-based bioelectrode. This se-

quence of bioelectrochemical responses is in good

agreement with recently published results on the

beneficial effect of H2O2�/HRP couple on the

phenol�/PPO reaction [60], as well as on the

efficient substrate recycling evidenced in the case

of PPO�/GDH couple [61].

For all three investigated bioelectrodes, the

bioelectrochemical parameters (Imax and Km, esti-

mated using the Lineweaver�/Burk linearization of

the bioelectrodes response to L-tyrosine) together

with the biosensors sensitivities (estimated from

calibration curves) are presented in Table 2.

It is interesting to notice that comparing the

bioelectrochemical parameters for PPO- and

PPO�/GDH-based biosensors in spite of the dra-

matic sensitivity increase (74 times) the Km value

remained practically unchanged. This behavior

confirms the amplification scheme presented in

Fig. 2. Contrarily, the PPO�/HRP-based biosen-

sor, besides an improved sensitivity (32 times)

showed a significant higher value for Km than that

observed for PPO-based biosensor. This Km

increase suggests a decrease of the substrate�/

enzyme affinity or a supplementary diffusion

constraint existing in the enzyme matrix, both

associated with the increase of enzyme activity,

induced by the presence of H2O2 [61]. A possible

explanation could be formulated if the HRP effect

Table 1

The relative sensitivity of PPO-, PPO�/GDH-, PPO�/HRP-

based biosensors toward various phenolic derivatives

Phenolic compounds Relative signal (%)

PPO PPO�/

GDH

PPO�/

HRP

Phenol 100 100 100

1,2-Dihydroxybenzene 200 150 180

1,3-Dihydroxybenzene 0 10 2

1,4-Dihydroxybenzene 1 50 100

2-Amino-3 (4-hydroxyphenyl)

propanoic

50 25 47

2-Hydroxytoluene 1 41 28

3-Hydroxytoluene 125 190 176

4-Hydroxytoluene 160 100 200

4-Chlorophenol 20 30 90

3-Chlorophenol 12 60 120

2-Chlorophenol 1 40 20

4-Hydroxybenzoic acid 2.2 30 10

Experimental conditions: applied potential, �/0.05 V vs.

SCE; phenols concentration 0.1 mM; phosphate buffer (pH 7)

containing 0.1 M LiClO4 (t 21 8C). The current intensity

recorded for 0.1 M phenol was 23 mA.

Fig. 4. The temperature influence on the HRP-based biosensor

sensitivity to catechol, measured in the presence of different

stabilizer concentrations (j, 0.01 mM; m, 0.05 M; ', 0.1 M).

Experimental conditions: applied potential, �/50 mV vs. SCE;

supporting electrolyte, 0.1 M phosphate buffer containing

LiClO4 0.1 M (pH 6.5), 0.1 M catechol and 1 M H2O2.

Fig. 5. Calibration curves to phenol for bienzyme biosensors

(', PPO�/GDH and m, PPO�/HRP) and monoenzyme bio-

sensor (�/, PPO). Experimental conditions: applied potential,

�/50 mV vs. SCE; supporting electrolyte, 0.1 M phosphate

buffer containing LiClO4 0.1 M (pH 6.5); working temperature,

21 8C. In the supporting electrolyte 1 mM H2O2 (for PPO�/

HRP bioelectrode) or 2 mM glucose (for PPO�/GDH bioelec-

trode) was added.
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on the agar�/agar gel permeability is taken into
consideration. Thus, HRP being an enzyme with a

lower molecular weight than GDH will induce

higher transport constraints for substrate diffusion

than GDH. Obviously, this circumstance will

determine a Km value increase.

4. Conclusions

Two different approaches, both exploiting two

enzymes cooperative functioning, to enhance the

sensitivity of tyrosinase (PPO) based biosensor for

amperometric detection of phenols have been

compared. For this purpose, one monoenzyme
electrode (PPO) and two bienzyme electrodes

(PPO and D-glucose dehydrogenase, GDH; PPO

and horseradish peroxidase, HRP) were con-

structed using agar�/agar gel as enzyme immobili-

zation matrix. The biosensors responses for L-

tyrosine detection were recorded at �/50 mV

versus SCE. An optimization study was performed

in order to establish the optimal experimental
conditions (pH, temperature and enzymes load-

ing).

Taking into account the bioelectrochemical

parameters of the investigated biosensors, the

signal amplification for L-tyrosine detection was

found the highest for PPO�/GDH couple. More-

over, the PPO�/GDH biosensor showed, besides

the highest sensitivity, the shorter response time.
When entrapped in the agar�/agar gel all en-

zymes kept their specific activity, pointing out this

matrix as a very convenient one for enzyme

immobilization.

The ability of the PPO-, PPO�/HRP-, PPO�/

GDH-based biosensors to assay phenols was

demonstrated by quantitative determination of
several phenol derivatives. The HRP thermostabil-

ity, tested for cathecol determination, was ex-

tended toward high temperature domain (�/

50 8C) using polyoxyethylenesorbitan monolau-

rate as enzyme thermo-stabilizer.
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