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ABSTRACT. Three different approaches to enhance the sensitivity of
tyrosinase (PPO) based biosensor for the amperometric detection of
phenols have been compared. An electrochemical approach, involving
ferrocyanide as mediator for the detection of enzymatically produced
o-quinone, was tested using a monoenzyme bioelectrode for phenol.
In order to investigate the biochemical approach, based on the
cooperative functioning of tyrosinase and D-glucose dehydrogenase
(GDH) or tyrosinase and horseradish peroxidase (HRP), two bienzyme
electrodes were constructed for L-tyrosine detection at -180 mV
vs. SCE. For monoenzyme bioelectrode, as well as for bienzyme
bioelectrodes, the enzymes were immobized in agar-agar gel. The
highest signal amplification factor (74), was observed for the PPO-
GDH couple, while that recorded for PPO-HRP couple and PPO-
ferrocyanide system were 32 and 4, respectively.

INTRODUCTION

There is a continuous increasing demand for selective and sensitive
detection of phenol and its derivatives since these toxic compounds are
widely used in the manufacture of various industrial products such as
pesticides, disinfectants, fumigants, etc.

Owing to their high selectivity and simple use for continuous on site
analysis, biosensors constitute powerful tools for environmental monitoring [1].
In particular, several biosensors based on tyrosinase, a polyphenol oxidase
(PPO), were elaborated for the determination of phenol. Since PPO catalyses
the oxidation of phenol to o-quinone by dioxygen, various kinds of
electrochemical detection were involved in these biosensors: (i) the detection
of dioxygen consumption [2-4]; (ii) the direct reduction of the generated o-
quinone [5-21]; (iii) the mediated reduction of o-quinone by hexacyanoferrate
(I [22-23], tetracianoquinonedimethane [24], 1,2-naphtoquinone-4-sulphonate
[25,26] and N-methylphenazonium [27].
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For phenol amperometric biosensors working via the electrochemical
reduction of the quinone product a partial substrate recycling was suggested,
inducing amplification on the biosensor response [7,11,17-20]. This "intrinsic"
amplification 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: a cyclic chemical reaction between the enzyme-
generated o-quinone and a deliberately added reducing agent, as ascorbate
[28] or NADH [29]; a cooperative functioning of PPO and horseradish
peroxidase (HRP) [30].

In this context, we describe here a study aiming to compare three
approaches for response amplification of the tyrosinase (PPO) based
biosensor, applied for amperometric detection of phenols. For this purpose
mono- and bienzyme electrodes were constructed using agar-agar gel as
enzyme immobilization matrix. The electrochemical approach (Figure 1),
involving ferrocyanide-mediated reduction of enzymatically produced o-
quinone, was tested for phenol detection at PPO monoenzyme bioelectrode.
The biochemical approaches, consisting of two enzymes cooperative
functioning, have been investigated for PPO and D-glucose dehydrogenase
(GDH) couple (Figure 2), as well as for PPO and horseradish peroxidase
(HRP) couple (Figure 3). Both bienzyme electrodes were tested for L-tyrosine
detection.
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Figure 1. Mediated electro-reduction of o-quinone involved in the signal amplification
at PPO-based bioelectrode used for phenol detection [20].
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Figure 2. Schematic recycling of DOPA-quinone between tyrosinase and glucose
dehydrogenase within a PPO-GDH containing matrix used for L-tyrosine
amperometric detection [31].
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Figure 3. Schematic amplification of the phenol response at PPO-HRP bienzyme
bioelectrode [30].
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EXPERIMENTAL

Reagents

Tyrosinase from mushroom (EC 1.14.18.1; 385 Sigma units/mg),
glucozdehydrogenase (E.C.1.1.1.47; 250 Sigma units/mg) and
horseradishperoxidase (EC.1.11.1.7; 250 Sigma units/mg) were purchased
from Sigma.

Phenol, L-tirosine, KH, PO,, K;HPO, and LiClIO, were obtained from
Merck and used as received. The agar-agar powder and K4Fe(CN)g] were
obtained from "Reactivul" Bucharest and were used without any further
purification.

Electrochemical measurements were made using as supporting
electrolyte 0.1 M LiCIO,4 in 0.1 M phosphate buffer (pH 6,5 and 7), obtained
by mixing the corresponding volumes of 0.1 M KH,PO,4 and 0.1 M K,HPO,.

Enzyme electrode preparation
The technigue of enzyme entrapment in agar-agar gel [32] consisted
in two steps:

() 20 mg of agar-agar powder was homogenized with 0.9 mL of 0.1 M
LiCIO,4 in 0.1 M phosphate buffer (pH 7). For biosensors using mediated
detection, in the above described mixture, 10* M K,[Fe(CN)s] was
added. The obtained mixture was heated at 100 °C and, subsequently,
it was cooled at 50 °C. Then, 1 mL of enzyme/enzymes solution was
added. The concentration of each enzyme solution was 2.5 mg/mL,
and for bienzyme bioelectrodes the enzyme ratio was 1:1(w/w). All
enzyme solutions were prepared by dissolving pure enzyme in
distilled water.

(i) 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°C into phosphate buffer at pH = 6.5.

Electrochemical measurements

All measurements were performed using a computer-assisted
potentiostat (Autolab-PGSTAT-10, Eco Chemie, Utrecht, The Netherlands),
connected to a conventional electrochemical 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 follows: the bioelectrode
was immersed in 10 ml of testing solution (0.1 M phosphate buffer
containing 0.1 M LiCIO,4) 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 (phenol or L-tyrosine) was
added, under a vigorous stirring. Subsequently, the bioelectrode amperometric
response was recorded for 1-2 minutes. Thus, the calibration curve was
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constructed by mean of successive additions of small volumes of standard
aqueous solution of substrate.
Before using the bioelectrode was kept at 5 °C in a humid atmosphere.

RESULTS AND DISCUSSIONS

A. Mediated amperometric detection

A remarkable difference between the response rate corresponding
to mediated and unmediated amperometric detection of phenol was noticed
for bioelectrodes using tyrosinase entrapped in agar-agar gel (Figure 4). In
the same time, as expected, a much greater sensitivity (400 pA/M) for
mediated detection than for unmediated process (98 WA/M) was estimated,
as the slope of the linear domain, from the calibration curve shown in figure 5.
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Figure 4. Amperometric response to phenol recorded for the bioelectrode based on
tyrosinase entrapped in agar-agar gel: without (a) and in the presence of
[Fe(CN)e]* (b). Experimental conditions: applied potential, -180 mV vs. SCE;
pH 7, stirred solution; t 21 oc.

Figure 5. Calibration curve to phenol for tyrosinase-based biolectrode using mediated
amperometric detection. Experimental conditions: as indicated for figure 4.

The rate constant (kmeq) coOrresponding to the reaction between the
redox mediator and the biochemically-produced o-quinone is an important
parameter characterizing the intensity of the electrocatalytic effect. A very
efficient method for kneq €valuation is based on the value of the catalytic
limiting current (ly), described by equation 1 [33]:

|, = NFAC, /2D, K [El 1)

where: n, represents the number of transfered electrons; A, stands for the
electrode surface; Cr.eq is the bulk concentration of the mediator; [E] stands for
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the total enzyme concentration; Dyq IS the diffusion coefficient of the mediator
in solution. Taking n = 1; [E] = 2.5 mg/mL; A = 7.07 mMm?; Cieq = 4.5 UM;
Dmed = 7.8010° cm?/s, the kmeq Value was estimated at (1.3 + 0.04) 10° M™'s™,
which was found in good agreement with published data [33].

B. Bienzyme cooperative functioning

A comparison of the amperometric responses to L-tyrosine was done
between monoenzyme PPO-based bioelectrode and bienzyme bioelectrodes
using PPO-GDH and PPO-HRP enzyme couples. The obtained results are
presented in figure 7.

In all cases, in order to facilitate the comparison, 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 it can be seen, the highest response was recorded for PPO-GDH
couple and the lowest for the PPO-based bioelectrode, using as detection
process the mediated o-quinone electro-reduction. This sequence of
bioelectrochemical responses is in good agreement with recently published
results about the beneficial effect of H,O,-HRP couple on the phenol-PPO
reaction [30], and about the efficient substrate recycling evidenced for
PPO-GDH couple [31].

=  PPO-GDH -
61 e PPO-HRP - |
PPO -
< 4 1
— _ .
2- = o -
= ®
of = 2 2 .
0 2 4 6 8 10

Figure 7.

[L-Tyrosine], mM Calibration curves to L-tyrosine

for monoenzyme (PPO) bioelectrode and bienzyme bioelectrodes (PPO-GDH

and PPO-HRP). Experimental conditions: applied potential, -180 mV vs. SCE;

supporting electrolyte, 0.1 M fosfat buffer containing LiCIO, 0.1M (pH 6.5);

stirred solution; 21 °C; for PPO-HRP bioelectrode, 1 mM H,O, was added; for
PPO-GDH bioelectrode, 2 mM glucose was added.
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The bioelectrochemical parameters, Inax and Ky, for the three
investigated bioelectrodes were estimated using the Lineweaver-Burk
linearization of the bioelectrodes response to L-tyrosine, and together with
the bioelectrodes sensitivity are presented in table 1.

Table 1.
The bioelectrocemical parameters corresponding to L-tyrosine response of
PPO, PPO-GDH and PPO-HRP based bioelectrodes.

Enzyme matrix Sensitivity Imax Km
(mA/M) (BA) (mM)

PPO 0.010 0.196 10

PPO-HRP 0.326 19.6 55

PPO-GDH 0.741 16.4 14

It is interesting to remark that comparing the performances of PPO and
PPO-GDH bioelectrodes, despite the dramatic sensitivity increase (74 times),
the K, value remained practically unchanged. This behavior confirms the
response amplification scheme presented in figure 2. Contrarily, the PPO-HRP
bioelectrode, besides an improved sensitivity (32 times) showed a significant
higher value for K, than the specific value for PPO. This K, increase
suggests a decrease of the substrate-enzyme affinity or a supplementary
diffusion constraint exisiting in the enzyme matrix, both associated with the
increase of enzyme activity, induced by the presence of H,O, [31].

CONCLUSIONS

The mediated scheme for o-quinone detection allowed sensitivity
increasing of 4 times compared with a similar biosensor using the direct
detection. The phenol biosensor based on ferocianide recycling was found
very convenient for aqueous solution using. Simple construction, robustness
and a relative long lifetime (more than 3 months) characterized it.

Taking into account the sensitivity and the bioelectrochemical
parameters of the investigated bioelectrodes, the biochemical approach for
signal amplification based on GDH-PPO couple was found the most
suitable for L-tyrosine detection. Moreover, the PPO-GDH bioelectrode
showed, besides the highest sensitivity, the shorter response time.

When entrapped in the agar-agar gel all enzymes kept their specific
activity, pointing out this matrix as a very convenient one for enzyme
immobilization.
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